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ABSTRACT 
The major aim of this thesis is to investigate the molecular basis for the function 
of several types of rhodopsins with special emphasis on their application to the new 
field of optogenetics. Rhodopsins are transmembrane biophotonic proteins with 7 
a-helices and a retinal chromophore. Studies included Archaerhodopsin 3 (AR3), a 
light driven proton pump similar to the extensively studied bacteriorhodopsin (BR); 
channelrhodopsins 1 and 2, light-activated ion channels; sensory rhodopsin II (SRII), 
a light-sensing protein that modulates phototaxis used in archaebacteria; and squid 
rhodopsins (sRho), the major photopigment in squid vision and a model for human 
melanopsin, which controls circadian rythms. 
The primary techniques used in these studies were FTIR difference spectroscopy 
and resonance Raman spectroscopy. These techniques, in combination with site di-
rected mutagenesis and other biochemical methodologies produced new knowledge 
regarding the structural changes of the retinal chromophore, the location and func-
tion of internal water molecules as well as specific amino acids and peptide backbone. 
Specialized techniques were developed that allowed rhodopsins to be studied in in-
tact membrane environments and in some cases in vivo measurements were made on 
rhodopsin heterologously expressed in E. coli thus allowing the effects of interacting 
proteins and membrane potential to be investigated. 
v 
Evidence was found that the local environment of one or more internal water 
molecules in SRII is altered by interaction with its cognate transducer, Htrii, and is 
also affected by the local lipid environment. In the case of AR3, many of the broad 
IR continuum absorption changes below 3000 cm-1 , assigned to networks of water 
molecules involved in proton transport through cytoplasmic and extracellular por-
tions in BR, were found to be very similar to BR. Bands assigned to water molecules 
near the Schiff base postulated to be involved in proton transport were, however, 
shifted or absent. Structural changes of internal water molecules and possible bands 
associated with the interaction with ,8-arrestins were also detected in photoactivated 
squid rhodopsin when transformed to the acid Meta intermediate. Near-IR confocal 
resonance Raman measurements were performed both on AR3 reconstituted into E. 
coli polar lipids and in vivo in E. coli expressing AR3 in the absence and presence of 
a negative transmembrane potential. On the basis of these measurements, a model 
is proposed which provides a possible explanation for the observed fluorescence de-
pendence of AR3 and other microbial rhodopsins on transmembrane potential. 
Vl 
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Chapter 1 
Introduction and Background 
1.1 Microbial and Animal Rhodopsins 
1.1.1 Overview and History of Rhodopsins 
Rhodopsins are a class of protein that reacts to light through the isomerization of 
a retinal chromophore. The retinal chromophore, a vitamin A aldehyde, is attached 
to the protein in a binding pocket and surrounded by the seven a -helices of the 
transmembrane protein. Thus, when a structural alteration occurs to the retinal 
it begins a series of conformational changes leading to signaling, the pumping of 
protons and the gating of ion pores, depending on the specific type of rhodopsin 
protein [Kong, 2007], [Oesterhelt, 1971], and [Lanyi, 1986]. Retinal is attached to 
the protein through a carbon-nitrogen double bond known as a Schiff-base with a 
lysine residue that is conserved between Rhodopsins. This structural change, in turn, 
pushes the protein through a photocycle comprised of several distinct intermediates 
which are characterized by visible absorption and discussed in Section 1.1.3. 
There are two types of rhodopsins. Type 1 rhodopsins were discovered in halophile 
archaea that have since been found in eukaryotes and bacteria as well. Type 2 
rhodopsins are animal photo-receptors used in vision and light detection. While 
found in diverse kingdoms, type 1 and type 2 rhodopsins are strikingly similar in both 
1 
2 
structure and function. For example, both type 1 and type 2 rhodopsins utilize retinal 
and light to initiate the photocycle, have a Schiff base bond connecting the retinal 
to the protein, are composed of seven a-helices that span the cellular membrane and 
trigger a signaling cascade. 
Type 1 rhodopsins found in halophiles often serve one of four purposes. Two 
of them termed sensory rhodopsins (SR), serve to mediate phototaxis. Sensory 
Rhodopsin I (SRI) mediates attractive phototaxis toward long wavelength orange 
light and repellent phototaxis away from short wavelength light while near-UV light 
causes a repellent phototaxis response through Sensory Rhodopsin II (SRII) [Hoff, 
1997]. SRI and SRII which allow the cell to seek optimal conditions for two other 
type 1 transport rhodopsins; bacterioRhodopsin (BR) that serves as an outward pro-
ton pump and haloRhodopsin (HR) that serves as an inward chloride pump [Spudich, 
2000]. The ion and proton pumps allow cells to utilize two energy production systems 
based on the resources in their current surroundings. In oxygen rich environments 
halobacterial cells, like many others, use oxidative phosphorylation of nutrients to 
produce adenosine triphosphate (ATP). Oxidative phosphorylation transfers elec-
trons from a donor such as sodium or magnesium to an acceptor such as oxygen. 
This reaction, termed a redox reaction, creates an electron transport chain and gen-
erates energy by establishing an electrical potential spanning the membrane via a 
pH gradient. An enzyme present in the membrane called ATP synthase uses the 
electrical potential to drive the synthesis of ATP. In anaerobic environments that do 
not allow oxidative reactions, however, cells expressing BR or HR can use energy 
from sunlight to establish an electrical potential and generate ATP [Racker, 1974]. 
BR, one of the first type 1 rhodopsins to be studied, converts sunlight to an elec-
trochemical gradient by pumping protons out of the cell. This gradient is then used 
by ATP-synthase to generate ATP. The structure and history of BR are reviewed in 
subsequent sections. 
Halobacterium salinarium is a high salt dwelling organism that utilizes the above 
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four photoactive proteins m its membrane. BR is the most predominant pho-
toactive protein found in the membrane, followed by HR, SRI and finally SRII 
(BR:HR:SRI:SRII = 1000:100:10:1, [Kandori, 2001a]). 
Prior to the late 1990's only the four type 1 rhodopsins discussed above were 
known. However, recently, hundreds of type 1 rhodopsin variants have been found 
[Beja, 2001]. Interestingly, the additional type 1 rhodopsins found are not specific 
to Archaea bacteria, and have been found in microbes, eubacteria, eukaryotes and 
fungi [Ruiz-Gonazalez, 2004]. 
Type 2 rhodopsins are members of the G-coupled protein receptor (GCPR) class 
of protein that is responsible for beginning a signaling cascade within cells (for review 
see [ Costanzi, 2009]). First discovered in the mid-19th century by Heinrich M tiller, 
who noticed the red color of retinal rods [Muller, 1851], these animal rhodopsins 
responsible for vision and circadian rhythm. By the late 19th century researchers 
learned that Rhodopsin (Rho) was sensitive to light, opening the door to decades 
of research [Boll, 1876]. Rho was fully sequenced by the early 1980s and x-ray 
crystallography revealed the three dimensional structure close thereafter [Palczewski, 
2000]. Rho was the first GCPR to be structurally investigated and remains one of 
the most studied and best understood GCPR. 
1.1.2 Structure of BacterioRhodopsin 
Bacteriorhodopsin (BR) is a 26kDa membrane protein found in the high salt dwelling 
bacteria Halobacterium halobium. It contains 256 amino acids that creates a seven 
alpha-helix transmembrane protein with the function of being a light driven proton 
pump. Measuring 40A tall with a 33A x lOA oval shaped top, BR forms a one to 
one complex with a retinal chromophore through a Schiff-base linkage to an internal 
lysine (Lys 216) , see Figure 1.1. The retinal conformation in BR's light-adapted state 
is all-trans which isomerizes to 13-cis when it photocycles. The protonation state 
of the Schiff-base and electrostatic environment of the retinal chromophore gives 
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BR a characteristic purple color. X-ray crystallography, electron cryo-microscopy 
[Henderson, 1990a], neutron diffraction [Dencher, 1989], sequencing [Khorana, 1979], 
freeze fracturing [Dijck, 1981], and various other studies have been done on BR to 
obtain the structure and functional roles of residues in BR (for reviews see [Haupts, 
1999] and [Ovchinnikov, 1979]). 
Cytoplasm 
Extracellular Medium 
Figure 1.1: Crystal structure of BR showing the seven alpha-helices (green), retinal 
chromophore (red) , lysine 216 (green sticks) and lipid bilayer (yellow spheres). Reti-
nal is bound to the protein through the Schiff-base linkage at lysine 216 located on 
helix G. During the photocycle, BR pumps a proton from the cytoplasmic side to 
the extracellular side. Crystallographic information is taken from the Protein Data 
Bank file 1C3W- BR ground state 
The tertiary structure of BR is stabilized through 31 inter-helical hydrogen bonds, 
many of which are between residues known to participate in the proton transport 
process. It has been hypothesized that these hydrogen bonds not only stabilize the 
structure, but are also instrumental in changing the protein structure during the 
photocycle [Luecke, 1999a]. 
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The binding pocket is formed from a system of hydrophobic residues including 
Asp85, Asp96, Asp115, Asp212, Arg82, Tyr185, Pro186, Trp86, Trp182 and Trp189. 
The chromophore plane and membrane plane lie nearly perpendicular to each other, 
while the longitudinal axis of the retinal lies rv20 degrees vertical of the membrane 
plane [Lin, 1989]. The retinal polyene chain is held in the pocket by two Trp residues 
that reside above the retinal (Trp182 and Trp186) preventing vertical motion and 
two residues, Trp189 and Pro186 that stabilize the aerol ring [Mathies, 1991]. 
Studies in which a specific amino acid residue is substituted for another through 
gene alteration are also known as mutagenesis studies. Mutagenesis studies on BR 
have highlighted three key amino acid residues, Asp85, Asp96 and Asp 212 which are 
all polar residues between the extracellular side and the retinal chromophore. When 
one or more of these residues is replaced with a neutral Asparagine, the proton 
pumping efficiency is drastically altered and the maximum absorption is red-shifted 
(see Figure 1.2, [Mogi, 1987]). 
The region between the cytoplasmic side and the retinal chromophore does not 
contain a string of polar residues as a pathway to transfer the proton. The distance 
between Asp95 and the cytoplasmic side contains a 10-12A hydrophobic gap. It has 
been suggested that 3 water molecules span this length creating a proton-wire used 
for proton transport [Garczarek, 2006]. However, the ground state lacks cavities 
and chains of water molecules spanning from the cytoplasmic side to the retinal, 
meaning that the chain of water molecules must be created transiently during one of 
the photocycle steps. 
1.1.3 Standard Model of the BacterioRhodopsin Mechanism 
Upon the absorption of a photon, the chromophore of BR, retinal, isomerizes from 
all-trans to 13-cis, triggering a series of conformational changes in BR; the pumping 
of a proton from the cytoplasm to the extracellular medium, and ultimately the 
resetting of the chromophore to all- trans to prepare BR to cycle again. In order 
Extracellular Side 
~ . 
6 
Figure 1.2: Retinal binding pocket in BR showing residues that have been shown to 
be imperative to proper proton pumping efficiency. Crystallographic information is 
taken from the Protein Data Bank file 1C3W- BR ground state 
to complete the cycle, BR goes through a series of spectroscopically distinct states 
known as BRs7o, J525 , Ksgo, Lsso, M412, Ns6o and 0640 [Mathies, 1991]. 
Briefly, upon the absorption of a photon there becomes an increased electron 
density around the carbon double bonds (J intermediate) followed by retinal iso-
merization from all-trans to 13-cis (K intermediate). The steric hindrances of the 
retinal isomerization then relax (L intermediate) and a proton is transferred from 
the Schiff base to the counter-ion, Asp85. The neutralization of Asp85 causes Arg82 
to alter its position and a proton is released from the proton release complex si-
multaneously to the extracellular medium (M intermediate). The Schiff base then 
receives a proton from Asp96 on the cytoplasmic side (N intermediate) , and the reti-
nal re-isomerizes back to an all-trans configuration that is twisted (0 intermediate), 
thermal relaxation of the retinal produces the ground state, preparing the protein to 
accept another photon and cycle once more (see figure 1.3). 
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Figure 1.3: BR photocycle kinetics showing the conformation of retinal, accessibility 
and protonation state of the Schiff base and time scales for BR intermediates. 
The BR Ground State 
The ground state of BR contains an all- trans retinal chromophore covalently bound 
to lysine 216 on alpha helix G. The retinal chromophore is centered in the lipid 
bilayer and tilted 20° to the bilayer plane (shown by polarized FTIR difference 
spectroscopy, [Earnest, 1986] and X-ray crystallography, [Luecke, 1999a]). A nearby 
amino acid, Asp85, coupled with the protonated Schiff base between the retinal 
and Lys216, creates separated charges within the binding pocket. These charges are 
stabilized through a pentagonal water structure involving three waters (W401, W402 
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and W406), the protonated Schiff base, Asp85 and Asp212 (see Figure 1.4). These 
waters work to stabilize the high pKa of the ground state Schiff base (pKa of 13.5) 
relative to Asp85 (pKa of 2.2). In addition, Asp85 is further stabilized in an anionic 
state through hydrogen bonding to a neighbor, Thr89, while Asp212 is stabilized 
through hydrogen bonds to Tyr57, Tyr185 and W407. The pentagonal hydrogen 
bonded water structure is stabilized through a hydrogen bond to positively charged 
Arg82. This series of hydrogen bonds creates a balanced but unstable geometry 
within the binding pocket. Upon photo-isomerization of the retinal, the active site 
becomes destabilized, triggering a series of events in the photocycle [Lanyi, 2004a]. 
Asp85 
Figure 1.4: Amino acid residues and water molecules important in the stabilization 
of electrostatic forces within the binding pocket of BR in the unphotolyzed state. 
Crystallographic information is taken from the Protein Data Bank file 1C3W- BR 
ground state 
Bacteriorhodopsin in the unphotolyzed state absorbs at Amax = 570nm. This 
absorption is significantly red shifted from retinal forming a protonated Schiff base 
in solution (>-max = 440nm) showing that the environment of the retinal within 
the protein binding pocket has considerable impact on the absorption wavelength. 
This shift has been termed the "opsin shift". The opsin shift is primarily due to 
electrostatic interactions between polar groups residing near the ,8-ionine ring of the 
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retinal [Nakanishi, 1980]. 
The BR J Intermediate 
The J intermediate forms 200-500! s after an incident photon is absorbed. The 
chromophore remains in an all-trans configuration with an increased electron density 
around the C = C bonds and significantly delocalized hydrogen out of plane motion. 
Spectroscopic studies have shown that the Schiff base link to the protein through 
Lys216 is similar to the BR ground state [Atkinson, 2000]. 
The BR K Intermediate 
The K intermediate, considered the primary photo reaction of BR is developed within 
picoseconds after the absorption of a photon and decays into the L intermediate 
within one microsecond. The K intermediate, however , can also be produced in a 
photo stationary state at 80K, allowing the study of the K intermediate through 
various cryo-cooled spectroscopic techniques (see section 1.3.3). Additionally, it has 
been shown through ultrafast spectroscopy that several short lived intermediates 
appear after photon absorption prior to the formation of K [Amsden, 2007]. 
The retinal configuration in the K intermediate is in the 13-cis, 15-anti configu-
ration, as compared to the all-trans configuration in the ground state. This isomer-
ization red shifts the visible absorption to >-max = 590 nm. Steric hindrances with 
nearby amino acids create a highly strained retinal configuration containing excess 
free energy that is believed to drive subsequent photocycle steps [Schobert, 2002]. 
The geometry of the retinal in K keeps the direction of the protonated Schiff base 
in the extracellular direction while changing the hydrogen bonding angle with W 402 
as well as moving the positive charge from the Schiff base away from the counter-
ion, Asp85. The altered hydrogen bonding strength and angle of W402 propagates 
throughout the hydrogen bonding network as can be seen through FTIR difference 
spectroscopy techniques [Lanyi, 2004a]. 
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The BR L Intermediate 
The L intermediate forms on a timescale of one microsecond after photon absorption 
and has a visible absorption of Amax = 550nm, blue-shifted from the K intermediate. 
It can be trapped in a photo stationary state at 135K. 
In the L intermediate, retinal takes on a less distorted 13-cis, 15-anti configura-
tion directing the Schiff base N-H bond toward the cytoplasmic side and estab-
lishing a hydrogen bond with W601. The cytoplasmic side of W601 is connected to 
a non-polar tunnel capable of housing water molecules that ends with Asp96, setting 
the stage for a reprotonation pathway. It has been proposed that W601 and W602 
could be mobile in the non-polar tunnel, allowing them to migrate to Asp96 [Lanyi, 
2004a]. 
The X-ray crystal structure of L also shows movements of key residues, including 
Ala215, Lys216 and Arg82 that alter the network of hydrogen bonds around the 
protonated Schiff base and causes a significant increase in the pKa of Asp85, allowing 
it accept a proton in later steps S [Kouyama, 2003]. 
The BR M Intermediate 
The M intermediate, forming 40p,s after L, is characterized by a significantly blue 
shifted visible absorption (>.max = 412nm) due to the transfer of a proton from the 
Schiff base to Asp85. The deprotonation of the Schiff base is simultaneously accompa-
nied by the release of a proton to the extracellular medium through Glu194, Glu204 
and a network of water molecules (see [Xiao, 2004], [Brown, 1995] and [Spazzov, 
2001]) and deprotonation occurs in two distinct steps shown by kinetic studies [Zi-
manyi, 1992]. The first step is pH-independent, labeled M1 , which is followed by a 
pH -dependent step labeled M2 . 
The Schiff bas deprotonation is made possible through changes in the environment 
of the retinal chromophore and Lys216. During M formation, the retinal ionone ring 
is stabilized by large nearby residues while there is a large movement of Lys216 
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peptide's backbone. This large movement leads to the movement of helix G (the 
helix that contains the peptide backbone of Lys216) which in turn moves the Schiff 
base down, closer to the counter-ion Asp85. In addition, the pKa of the Schiff base 
is decreased through the cleaving of the hydrogen bond with W602 that was formed 
in L. This reduction in pKa of the Schiff base coupled with downward movement 
toward Asp85 creates an environment conducive to proton transfer from the Schiff 
base to Asp85 [Takeda, 2004]. 
One important aspect of proton pumping for BR is to insure that the same proton 
does not pass back and forth between the Schiff base and Asp85. Such proton 
movement would result in no net current and no net ions transported across the 
membrane. In fact, the protein must contain a 'switch ' whereby prior to the switch 
the accessibility of the Schiff base is toward the extracellular medium (M1 ) and after 
the switch the accessibility is toward the cytoplasm (M2 ). While the pathway from 
Asp96 to the extracellular medium is non-polar initially, after the switch into the M2 
intermediate a channel opens to Asp96 - allowing the presence of water molecules 
( [Kamikubo, 1997], [Subramaniam, 2000] and [Lanyi, 2004a]). 
The BR N Intermediate 
The N intermediate forms 5ms after the M2 intermediate and has a visible absorption 
of Amax = 560nm, significantly red-shifted from M (>.max = 412nm) and close to the 
original visible absorption of BR in the ground state (>.max = 570nm). This red-shift 
is mainly due to the reprotonation of the Schiff base from the cytoplasmic side by 
Asp96 through a chain of four waters. The retinal configuration, however, remains 
isomerized to 13-cis, 15anti. Asp96 is reprotonated from the cytoplasmic medium, a 
step that drives the later re-isomerization of retinal into the all-trans state. 
The reprotonation of Asp96 from the cytoplasmic medium utilizes a separate 
pathway from that of the Schiff base reprotonation. The reprotonation pathway for 
Asp96 is through a long chain of waters (W504-W520) terminating at the cytoplas-
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mic surface through a hydrogen bond to Asp38. A series of acidic residues at the 
cytoplasmic surface create net for attracting protons from the medium for use during 
the photocycle. These residues include Asp36, Asp38, Asp102, Asp104, Glu161 and 
Asp166 ( [Lanyi, 2004a]; [Dioumaev, 2001]). 
The BR 0 Intermediate 
The 0 intermediate is characterized by a red-shifted visible absorption of >-max 
640nm due to the protonation of Asp85. 0 is the last step of the photocycle and 
restores BR to the original ground state conformation. The protonation of Asp96 
drives the re-isomerization process of the retinal back into the original all-trans for-
mation. During the decay of the 0 intermediate, Asp85 deprotonates to the proton 
release group and the protein conformation switches to change the Schiff base acces-
sibility to the extracellular side. These changes leave BR in its original ground state 
conformation, ready to accept another photon and pump another proton [Lanyi, 
2004a]. 
1.1.4 Sensory Rhodopsin I and II 
In addition to BR, Halobacterium salinarium has additional photoactive membrane 
proteins including Sensory Rhodopsin I (SRI) and Sensory Rhodopsin II (SRII). 
BR shares only 31 percent sequence identity with HR and 26 percent identity with 
SR, related type 1 proteins [Henderson, 1990b], [Varo, 2000]. However, many of 
the residues that are identical between the proteins are also conserved in type 2 
rhodopsins and, when mutated, alter proton pumping efficiency, chromophore re-
generation, spectral absorption and photocycle dynamics. In addition, there tends 
to be increased homology when looking at the common retinal binding site, leaving 
many differences in sequence to reside outside of the area critical to initiating light 
activated processes. Several residues including aerol residues such as tryptophan, 
tyrosine and phenylalanine have been shown to affect the absorption spectrum of 
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BR [Mogi, 1987] . 
The SRs serve to inform the cell on the surrounding light conditions, including 
both intensity and color. The signal from these proteins results in phototaxis, with 
SRI causing the cell to swim toward green and orange wavelength light tuned to the 
visible absorption maximum of BR and HR. This light allows the cell to create an 
electrochemical gradient across its membrane through use of the BR proton pump, 
and shuttle chloride ions into the cell against the membrane potential through the 
HR pump. In addition to a green-orange light attractant response, SRI also utilizes 
a two photon pathway to repel from regions with large amounts of damaging UV or 
near-UV light. SRII also regulates blue light avoidance [Spudich, 2002]. 
Both SRI and SRII transmit their signals to the cell through a second protein 
called an integral membrane transducer (Htri and Htrii, see Figure 1.5). When SRI 
and SRII are not attached to their respective transducers, they function as a proton 
pump, similar to BR. Much like BR and other photoactive proteins, SRI and SRII 
are transmembrane proteins with seven a-helices containing a retinal chromophore 
in an internal pocket. SRI and SRII bind to their transducers, Htri and Htrii, 
in 2:2 complexes through electrostatic interactions on helix F and G including two 
important hydrogen bonds and a positively charged patch on the outer surface of 
the protein ( [Suzuki, 2010] and [Royant, 2001]). Htri and Htrii consist of two 
transmembrane helices that extend far into the cytoplasmic medium (260A) allowing 
them to bind histidine-kinase, the mechanism that controls the flagella motor and 
thus cell mobility. In addition, Htri and Htrii extend approximately 80Ainto the 
extracellular medium to facilita t e ligand binding ( [Oprian, 2003} and [Hoff, 1997]). 
Sensory Rhodopsin I 
SRI has a visible absorption maximum of Amax = 587nm. Upon light absorp-
tion, the retinal chromophore in SRI undergoes an all-tmns----+13-cis conformational 
change, much like BR. Photon absorption triggers a photocycle with intermediates 
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similar to BR at shifted absorptions (K-Amax = 620nm, L-A.max = 540nm, M-
Amax = 373nm, [Suzuki, 2010]) and much slower cycles ( rv800ms SRI and "'1000ms 
SRII, [Miyazaki, 1992]). SRI has two conformations, and can be interconverted be-
tween conformations with the absorption of light. The first protein conformation 
induces attractant motility by inhibiting a histidine-kinase attached to its trans-
ducer (Htri). The second protein conformation activates the kinase which induces 
a repellent motility. Interestingly, the same all-trans---713-cis photo isomerization 
causes the conformation conversion, to proceed in either direction [Sasaki, 2011]. 
The distinguishing feature between the two conformations is the direction of the 
Schiff base connectivity. When SRI is signaling an attractant response to green-
orange light , the Schiff base connectivity is toward the cytoplasmic medium, thus 
when the photocycle is activated, the protonated Schiff base will release its proton 
to the cytoplasmic medium. When SRI is signaling a repellent response to near-UV 
or UV light the Schiff base connectivity is toward the extracellular medium, such 
that when near UV or UV light is incident, the protonated Schiff base releases its 
proton to the extracellular side. This change in Schiff base connectivity allows the 
protein to either activate or inhibit the histidine-kinase pathway controlling cellular 
motility ( [Sineshchekov, 2008] and [Sineshchekov, 2010]). 
Sensory Rhodopsin II 
SRII has a visible absorption maximum of Amax = 497nm, blue shifted from its 
SRI counterpart. Much like BR, SRII binds an all-trans retinal chromophore to an 
internal pocket via a Schiff base linkage to a Lysine on helix G. Is has been postulated 
that the large blue shifted absorption from BR is due to a relaxed unbent retinal 
conformation as well as changes in three residues (Val108, Gly130, Thr204) that 
modify the polarity of the binding pocket , thus playing a significant role in color 
tuning ( [Royant, 2001] and [Kandori, 2001a]). Other key differences between BR 
and SRII is the location of the hydroxyl group of Thr204 (closer to the Schiff base in 
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Htrll 
Figure 1.5: SRII-Htr crystal structure with SRII shown in green, the signalling trans-
ducer Htrii shown in orange and retinal shown in red. Crystallographic information 
is taken from the Protein Data Bank file lJGJ - SRII ground state 
SRII) , and the orientation of Arg72 (facing toward the extracellular side in SRII). In 
addition, x-ray crystallography has revealed the presence of a chloride ion coupled 
to the Schiff base, although its purpose has yet to be determined [Royant, 2001]. 
Three mutations to BR, A215T /P200T /V210Y, align BR to Htrii and allow BR 
to transmit photo activated signals to the cellular motility apparatus utilizing the 
Htrii protein [Sudo, 2006]. Interestingly, when BR is bound to the transducer with 
the above three mutations, the photocycle kinetics slow by 1.5 orders of magnitude. 
Upon the absorption of a photon, SRII goes through a photo cycle consisting of 
intermediates K (>-max = 540nm), L (>-max = 540nm), M (>-max = 390nm), and 0 
(>-max = 560nm) [Suzuki, 2010] . Asp75 serves as the counter-ion to the Schiff base 
in the M intermediate (similar to Asp85 in BR), however pumping is slowed due 
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to a lack of polar residues within the channel ( [Bergo, 2000] and [Suzuki, 2010]). 
Furthermore, the uptake and release of a proton during the SRII photocycle happens 
to the extracellular side, resulting in no net proton translocation [Sasaki, 1999]. 
1.1.5 Rhodopsins found Naturally in Nerves 
Visual rhodopsins are members of the G-protein coupled receptors (GPCR) that are 
known to activate signaling pathways including ligand binding, G-protein activation 
or deactivation, modulation of signaling molecules, arrestin binding, and receptor 
phosphorylation [Linderman, 2009]. These events take place over broad time scales 
and broad spatial dimensions within the cell. 
Rhodopsin in nerves , when activated by light, begins a signaling pathway that 
ultimately leads to vision. Unlike BR or other microbial rhodopsins that utilize all-
trans-+ 13-cis retinal isomerization, retinal covalently bound to Rhodopsin undergoes 
an 11-cis-+all-trans isomerization to begin the photocycle. It has long been known 
that Rhodopsin forms the Schiff base bond between the retinal and Lys296 that 
is stabilized by a negatively charged counter-ion, Glu113, and has the same over-
all hepta-helical trans-membrane structure of BR ( [Ovchinnikov, 1982], [Hargrave, 
1983] and [Okada, 2002]). However, upon retinal isomerization, the all-trans retinal 
hydrolyzes from the protein, requiring Rhodopsin to be supplied with regenerated 
11-cis retinal from adjacent cells prior to each photo activated event. This is offset by 
the fact that a single event triggers a downstream cascade that reproducibly signals 
to hundreds of G-protein molecules [Fung, 1980]. 
The structure of visual rhodopsins shows that the configuration in the extra mem-
brane regions is much more organized than its microbial and BR counterparts, as 
well as the retinal chromophore is housed closer to the extracellular side [Palczewski, 
2000]. Specific residues near the retinal chromophore have been implicated in pro-
ducing red and green shifts in the spectral absorption. For example, the A285T 
mutation introduces a hydroxyl group near the protonated Schiff base and red shifts 
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the absorption by '""'10nm, yielding a possible understanding of color blindness [Neitz, 
1991] . 
Crystallographic studies of Rhodopsin have shown that internal water molecules 
form hydrogen bonds and salt bridges with key residues that directly mediate the 
signaling pathway (Asn55, Asp83, Asn302, see [Okada, 2002]). Unlike BR, which 
has three water molecules forming a pentagonal cluster near the retinal, Rhodopsin 
has only two water molecules. One molecule ,W2b, works to stabilize and lower the 
pKa of the counter-ion, Glu113. The other water molecule, W2a, is important to 
the regulation of color vision. W2a is found near Glu181 that lies in the middle of 
a cluster of polar residues creating a hydrogen bonding network that spans from the 
retinal binding pocket to the extracellular side ( ,..._,17 A). This hydrogen bonding net-
work has been shown to tune the visible absorption properties of Rhodopsin through 
mutagenesis studies [Wang, 1993]. 
In addition to vertebrate rhodopsin described above, invertebrate rhodopsin is 
also classified as a GPCR. Vertebrate vision triggers a signaling cascade mediated 
by cyclic guanosine monophosphate (GMP), a nucleotide important in metabolism 
and RNA synthesis. Alternatively, invertebrate rhodopsin are Gq-coupled receptors 
that signal through phospholipase C (PLC), an enzyme that cleaves phospholipids. 
Thus, the two rhodopsins fall under different classes of GPCRs and further increase 
our knowledge of how neurotransmitters give and receive signals. 
Murakami and Kouyama were the first to crystallize a Gq-coupled invertebrate 
rhodopsin receptor , squid rhodopsin, and also the first to crystallize a [Murakami, 
2008]. Many hormone and neuro-transmitter receptors signal through the Gq-coupled 
receptor pathway including serotonin, oxytocin and antihistamines [Schertler, 2008]. 
The overall structure of squid rhodopsins is similar to Rhodopsin, with seven 
transmembrane helices and a retinal chromophore bound internally in the trans-
membrane region. Squid rhodopsin is, however, ,..._,100 residues longer than Rhodopsin 
due to an extended C-terminus, that does not affect its ability to recruit G-proteins. 
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11-cis retinal forms a Schiff base bond with Lys305 and is in a hydrophobic pocket 
created by nearby aromatic residues. The retinal chain has a configuration that is 
less distorted than its 11-cis Rhodopsin counterpart. Interestingly, the corresponding 
hypothesized counter-ion, Glu180, is not close enough to the retinal Schiff base to 
form such a partnership - potentially explaining the mechanism of re-isomerization 
that retinal in squid rhodopsin undergoes (unlike Rhodopsin, [Murakami, 2008]). 
1.1.6 Optogenetic Rhodopsins (CHRs, HRs and AR3) 
Optogenetics studies the behavior of animals when specific neural pathways are are 
precisely triggered by light and has become so important it was highlighted as Na-
ture's Method of the Year 2010. Unlike previous neural light stimulation methods 
that utilize the un-caging of signaling molecules with light, optogenetics utilizes the 
incorporation of photoactive membrane proteins to genetically target specific cell 
types and signal on the timescales of brain physiology. Because animals already 
have retinal compounds used in their vertebrate visual cells, the use of genetically 
encoded opsins for neural triggering by light does not require the application of any 
extra molecules to the specimen [Pastrana, 2011]. 
The first rhodopsin used for optogenetics was Channel Rhodopsin 2 (ChR2). ChR 
has a visible absorption maximum of >-max = 480nm and upon photo excitation in 
native cells undergoes an all-trans--+ 13-cis isomerization. ChR2 acts as a light-gated 
ion channel capable of conducting N a+, K+ and Ca2+ ions into the cytoplasmic 
medium. When expressed in neurons and activated with blue light ChR2 depolarizes 
the neuron and triggers a transient electrical signal, effectively acting as an ON switch 
for neuron signaling (see figure 1. 6). 
Conversely, a second rhodopsin used in optogenetics, Halorhodopsin (HR), is 
triggered by the absorption of yellow light (>-max = 570 nm) and acts to silence 
electrical signals from the neuron (an OFF switch). Upon photo excitation, the 
retinal chromophore of HR also undergoes an all- trans--+ 13-cis isomerization and 
19 
Channel Rhodopsin 2 . . N .. I 1 1111.1.111 u .n . i Na.. a ~IY'ru.l. ~---'-'·"'i* ·~1:: ~--~ ~~ ~
cytoplasmic Medium 
Ha lorhodopsin 
Extracellular 
cytoplasmic Medium 
Archaerhodopsin 3 
Extracellular 
cytoplasmic Medium 
N""' Ilia• Ilia, Na, ON Switch 
Ilia ' Na• Ilia, 
OFF Switch 
Figure 1.6: Overview of the mechanism of ChR2 (top), HR (middle) and AR3 (bot-
tom) in depolarizing or hyperpolarizing neural membranes, parts of figure taken 
from [Chow, 2010], [Boyden, 2005]. 
the protein pumps cz- ions into the cytoplasmic medium. The increased negative 
charge within the neuron hyperpolarizes the neuron, preventing electrical signaling. 
The combination of an ON and OFF switch for neural activity allows the study of 
how neuronal circuits control behaviors as well as how neurons relate to each other 
functionally (see figure 1.6). 
Archaerhodopsin-3 (AR3) is a recently discovered photoactive protein that acts 
as an outward proton pump. Like BR, AR3 is a hepta-helical transmembrane GPCR 
light activated protein with a chromophore that undergoes an all-trans----+13-cis iso-
merization with a visible absorption Amax = 575nm. Thus, AR3 acts as a neural 
OFF switch. What makes AR3 interesting is that AR3 is capable of generating 
photo currents 4-5 times larger than HR enabling near 100% neuronal silencing with 
simultaneous recovery, unlike HR that has a long lasting inactive state ( [Chow, 
2010], see figure 1.6). In addition, a mutant of AR3 in which the counter-ion is 
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neutralized (D95N) not only contains a fluorescent intermediate, but also inhibits 
proton pumping. This allows the optogenetic community to optically probe action 
potentials in living cells non-invasively - that is, without changing the membrane 
potential and hyperpolarizing the cell. 
1.2 Motivations for this Research 
Optogenetics has made impressive headway using photoactive proteins to control 
and monitor brain behavior. The development of optogenetic tools requires under-
standing the molecular mechanisms that these proteins utilize during photo activa-
tion and the subsequent photocycle. There has been decades of research investigat-
ing BR utilizing site directed mutagenesis, isotope labeling, X-ray crystallography, 
Fourier transform Infrared (FTIR) difference spectroscopy, UV-Visible spectroscopy 
and resonance Raman spectroscopy (RRS) among other spectroscopic methods to 
understand the molecular movements of amino acid residues and water molecules 
that lead to proton pumping. While there are "'5,000 types of rhodopsins currently 
discovered, many of them lack the functional understanding that we have obtained 
for BR. The main motivation of this research is to investigate AR3 with mutagenesis 
and spectroscopic techniques to investigate the molecular mechanisms that lead to 
proton pumping as well as the mechanism that causes fluorescence upon membrane 
depolarization. This work will directly impact the optogenetic field through basic 
knowledge of the AR3 pump allowing researches to engineer AR3 variants tailored 
to new optogenetic applications. 
1.2.1 Applications of the New Optogenetics Field 
Optogenetics has already shown great promise in learning more about neurodegen-
erative diseases. One of the most exciting aspects of optogenetics is the ability to 
investigate healthy and diseased neural circuitry to inform us on how treatments are 
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working mechanistically at the level of neurons. 
Incredibly, through optogenetics, rapid image processing software and digital 
micro mirror devices, researchers have been able to map the neural pathways of 
Caenorhabditis elegans for the worm motor circuit, egg laying circuit and mechanosen-
sory circuits in a freely moving sample [Leifer, 2011]. C. elegans was chosen for study 
due to its optical transparency and compact nervous system and shows the potential 
of optogenetics in mapping and understanding animal behavior. 
Applications of optogenetics to a better understanding of neural diseases is illus-
trated through Parkinson's disease. Parkinson's disease is the loss of dopaminergic 
neurons in the basal ganglia, a complex neural circuit in the brain regulating move-
ment that ultimately leads to altered activity of the sub thalamic nucleus which 
is linked to problems of movement initiation and execution. Currently, deep brain 
stimulation has become an effective treatment for Parkinson's patients that are not 
responsive to less invasive treatments. Deep brain stimulation involves pulsing elec-
trical current through thin electrodes placed in the sub thalamic nucleus region. It 
has been thought that deep brain stimulation alleviates Parkinson's symptoms by 
preventing the abnormal neural activity that is caused by a loss of dopamine in the 
area. However the mechanism of the effect has remained elusive for researchers, with 
even the basic question of whether the deep brain stimulation is exciting or inhibiting 
nearby neurons left unanswered (see [Miller, 2009] for review). 
Optogenetic studies combining ChR2 and HR for the first time allowed genetically 
targeted photosensitivity of specific individual neural components within the sub 
thalamic nucleus - instead of indiscriminately effecting all cells nearby an electrode. 
This opened the door to testing hypotheses of what role particular cell types have 
in Parkinson's disease. In fact, these experiments found that the key for relieving 
Parkinson's symptoms in rats was to manipulate axons that carry signals into the 
primary motor cortex [Gradinaru, 2009] . 
Optogenetics has also been used to effectively block cocaine addiction in am-
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mals [Witten, 2010], treat autism and social disorders [Yizhar, 2011] and investigate 
schizophrenia [Rappaport, 2011] to name just a few of the neurological disorders that 
the emerging field has had an impact on. 
1.2.2 Current Limitations of Optogenetics 
To effectively map a neural circuit and determine its functional element one must 
be able activate a specific presynaptic neuron cell type and probe for a response 
in a specific type of postsynaptic neuron cell type. ChR2 and HR have already 
proven useful as a means of activating or silencing targeted neural cells and both 
have undergone variations to improve their effectiveness for optogenetic studies. For 
example, ChR2 variants are working to cycle faster, allowing neurons to be activated 
at an increased rate upwards of 200Hz [Gunaydin, 2010], work as a bi-stable switch 
activated and terminated by different wavelengths of light [Berndt, 2008] as well 
as redshift the absorption spectrum. Variations of HR have improved its ability to 
target the neural membrane in mammalian cells [Gradinaru, 2008] and increased its 
membrane photocurrent. 
The detection of postsynaptic responses has been more elusive in the optoge-
netic community. Current methods of optically monitoring postsynaptic cell activity 
includes the use of electrophysiological recordings, ion indicators and optogenetic 
voltage sensors (for a review see [Mancuso, 2011]). 
Ion indicators provide non direct information on neuronal membrane potential. 
One such ion indicator is calmodulin-based genetically encoded Ca2+ indicator that 
is targetable to specific intracellular locations. Created from green fluorescent protein 
(GFP) and mutated to absorb at a desired wavelength it is fused with an enhanced 
yellow emitting GFP [Miyawaki, 1997]. Spectral studies utilize Forster resonance 
energy transfer (FRET) that is increased by the binding of Ca2+ ions to calmodulin 
giving signal for Ca2+ concentration changes as small as 10-8 M [Homma, 2009]. 
However, this method measures all changes in Ca2+ concentration within the cell, not 
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just Ca2+ concentration changes due to depolarization - leading to an overestimation 
of neural activity [Mancuso, 2011]. 
A second ion indicator, Clomeleon, relies on transmembrane changes of cz- ions 
during synaptic inhibition and also utilizes FRET for imaging. Clomeleon is a fusion 
of a chloride sensitive yellow fluorescent protein paired with a cyan fluorescent protein 
that is not chloride sensitive allowing the concentration of cz- ions present in the 
cytoplasmic medium to be monitored via FRET [Kuner, 2000] . Clomeleon has been 
used to investigate the dynamics of inhibitory circuits in a variety of brain areas in 
transgenic mice [Berglund, 2008]. Current problems with Clomeleon are the small 
dynamic range and very low signal to noise ratio, made worse by the high cz-
concentrations present in the cytoplasmic medium [Mancuso, 2011]. 
Optogenetic voltage sensors provide the most direct method of measuring the 
activity of neural circuits. This method uses voltage sensitive organic dyes that bind 
to cell membranes and contain chromophores whose visible or fluorescent absorption 
maximum is dependent on the local membrane potential. Recent work has focused 
on binding a voltage sensitive protein, typically ion channels, to fluorescent proteins 
preventing the need for an external dye to be administered [Tsutsui, 2008]. Current 
optogenetic voltage sensors lack high signal to noise ratios, have slow response times 
and poor membrane targeting. The optogenetic toolkit is limited by the availability 
of well understood optogenetic monitors. 
1.2.3 Photoactive Proteins used in Optogenetics 
There are a variety of optogenetic proteins currently in use with varying visible 
absorption maxima, signaling times and neural properties (hyperpolarizing and de-
polarizing). Multicolor control of neural populations allows for a neural preparation 
to contain a depolarizing and hyperpolarizing agent that are spectroscopically inde-
pendent. One example of this is the use of ChR2 (>-max = 480nm) to depolarize the 
cell with blue light and NpHR (>-max = 560nm) to hyperpolarize the cell with orange 
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light [Zhang, 2007]. Other sets of optically distinct proteins exist that could allow 
for multicolor control of specific neural cell type populations simultaneously [Dugue, 
2012]. 
ChR2 was the first neural switch to be expressed in neuronal membrane. When 
exposed to blue light, ChR2 opens a non-selective cation channel which depolarizes 
the neuron, activating transient electrical signals (spiking). ChR2 photocurrents 
are fast (starting 50J.Ls after illumination) and large enough to fire neural cells with 
millisecond resolution ( rv500pA at peak, [Boyden, 2005]). Long illumination times 
do not produce regularly spiking neurons preventing control over temporal neural 
triggering. Instead, temporal neural triggering can be controlled through pulsed 
light, with variants of ChR2 capable of triggering at 200kHz. 
In its native host, Chlamydomonas reinhardtii, ChR2 serves as a sensory photore-
ceptor that controls phototaxis to optimize photosynthetic growth conditions. There 
are four known variants of ChR currently: ChRl, ChR2, VChRl and VChR2. All are 
undergoing extensive research to create variants with qualities tailored to optogenetic 
work. Variations of ChRs has been done through site directed mutagenesis, domain 
swapping between ChR species, alterations in the C and N terminus and exploration 
for new ChR sequences [Hegemann, 2011]. Current goals for ChR variants are to 
improve the ion channel conductance, channel recovery rate, increase the_ expression 
level in the neural membrane and shift the visible absorption wavelength to the red 
to reduce light scattering in brain tissue. 
HR was one of the first neural OFF switches used in optogenetics and is a light 
driven pump that moves negatively charged cz- ions into the cell, hyperpolarizing 
the cell with a peak current of rv75pA [Gradinaru, 2008]. One major drawback to 
the use of HR as an off switch is a long inactive period of about 10 minutes post 
illumination due to the inability of the Schiff base linkage to the chromophore to 
reversibly deprotonate. The recovery time, however, is dependent on the extracel-
lular concentration of cz- ions, running faster at lower concentrations [Oesterhelt, 
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1985]. Unlike ChR2 and AR3, HR has a relatively small change in current between 
pulsed light and continuous light illumination (43.8 ± 25.9pA and 36.4 ± 24.4pA 
respectively) due to the fact that Schiff base deprotonation is not a part of the HR 
photocycle [Zhang, 2007]. 
AR3 is an outwardly directed H+ pump that is activated by yellow-green light. 
Upon activation, AR3 moves positive charge to the outside of the neuron, hydperpo-
larizing the cell and preventing any transient electrical signals. The current in AR3 
has a rise time of 9ms and recovers 20ms post illumination. AR3 yields photocurrents 
in a wide range of irradiances, from 0.35 m~ to 36 m~ potentially allowing the use 
mm mm 
of safe light sources for in vivo applications. Since AR3 is a proton pump, illumina-
tion causes a change in the internal pH. Studies have shown that illumination raises 
the internal pH from 7.31 to 7.43 at which point the pH rapidly stabilizes. This fast 
stabilization prevents large swings in internal pH and shows that AR3 limits volt-
age swings and mediates the local membrane potential. AR3 has shown to decrease 
the baseline neural spiking rate by 97.1% within milliseconds of light illumination. 
Post illumination, baseline neural activity was detected within 350ms [Chow, 2010]. 
The increased photocurrent of AR3 allows it to silence an order of magnitude larger 
volume of brain tissue than HR as shown by Monte Carlo methods and experiments 
using somatic current injection during light illumination [Chow, 2010]. 
Recent studies have shown that AR3 fluoresces linearly as a function of membrane 
potential at 687nm, with an increasing fluorescence as the membrane depolarizes, 
allowing optical readout of neural activity [Kralj, 2012]. Furthermore, a mutation 
in AR3 neutralizing the amino acid acting as a proton acceptor from the Schiff base 
(D95N) exhibits similar fluorescence behavior with membrane depolarization while 
not affecting the membrane potential due to its inability to pump a proton. 
There are three main ways that optogenetic proteins are incorporated into the 
neural membranes of animals (for a complete review see [Fenno, 2011] and [Urban, 
2012]) . These methods do not need chemical cofactors since mammalian neural 
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tissue already contains aU-trans retinal, the chromophore for the proteins. The 
first method transfects cells with genes coding for not only specified photoactive 
proteins to be used, but also containing specific promoters or recombinase-based 
conditional systems allowing specific cell type targeting. A second method delivers 
the photoactive protein genes via viral transduction. The use of viral vectors also 
allows for specific cell type targeting based on topological connections. Lenti and 
adena-associated viral vectors have been successful in introducing these photoactive 
optogenetic proteins into mouse, rat and primate brain [Zhang, 2010]. The last main 
method of incorporating optogenetic proteins to the neural membrane is to create 
a transgenic animal line, however it is expensive and time consuming to produce, 
validate and maintain the line. 
Light delivery to expressed optogenetic proteins deep in the brain as well as imag-
ing deep brain neuronal activity in free ranging animals pose major problems for the 
optogenetic community. Light delivery is significantly reduced by scattering in dense 
tissue leading to a scattering length of 25-lOOJ.Lm in brain tissue for visible light; this 
range is improved to 100-200J.Lm for NIR light [Wilt, 2010]. Ideally both light deliv-
ery and imaging of subsequent neural activity would be combined. Current research 
is pursuing these goals through a variety of techniques. One method of penetrating 
further into brain tissue is the use of a "microendoscope" in which gradient refractive 
index micro lenses are inserted into the brain at the end of optical fiber bundles de-
livering light [Vincent, 2006]. Other methods include improving current two photon 
fluorescence imaging methods with adaptive optics; increasing the fluorescence signal 
with ultrashort pulsed laser amplifiers; and improving fluorescence signal collection 
efficiencies through altered objective lenses and parabolic mirrors and red shifted 
emitters [Wilt, 2010]. 
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1.3 Principles of Vibrational Spectroscopy 
1.3.1 Overview 
Vibrational spectroscopy studies the interaction of light with matter through absorp-
tion, emission and scattering. Light interaction has the ability to flip nuclear spins 
(radio frequency region: 1 x 10-2cm-1), investigate molecular rotational transitions 
(microwave region: 3.33 cm- 1 ) , excite the vibrational modes of molecules (infrared 
region: 100cm-1-13,000cm- 1 ), detect valence electron rearrangements in molecules 
(UV-visible region: 2,5000cm-1-13,000cm-1), look at core electronic transitions (x-
ray: lx106-lx108cm-1) and probe nuclear processes (It-ray: lx108-lx1010cm-1 ). This 
shows the wide range of electromagnetic interactions light has with matter , and it 
is these interactions that we can investigate to probe how a molecule is constructed 
and changes in response to events. 
There are three main methods for describing light-matter interactions. The phe-
nomenological approach follows Einstein's theory that light consists of packets of 
energy known as photons that can be absorbed and emitted by molecules. The clas-
sical electromagnetic approach treats light as a wave, where light can be treated 
as a vector of energy continuously distributed over the surface, contrary to the dis-
continuous distribution postulated by Einstein. This approach to light interaction 
with matter is characterized by Maxwell's Equations. Lastly, there is the quantum 
approach where the electromagnetic field is quantized and treated as a harmonic 
oscillator describing the photon and can be characterized by creation (a+) and anni-
hilation (a) operators. The quantum mechanical approach is characterized through 
the Hamiltonian. 
The interaction of light with matter combines a classical treatment of the electro-
magnetic radiation with a quantum treatment of the energy levels of the interacting 
1 Various reviews of vibrational spectroscopy can be found in the literature. This chapter follows 
material that can be found in [Lalanne, 1997] and [Bernath, 2005] 
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molecules. Thus the electromagnetic radiation is described through Maxwell's equa-
tions (Eqs 1.2-1.4) and the energy levels of the molecules can be found through the 
solution to the time-independent Schrodinger equation (Eq 1.5) 
Fermi's Golden Rule 
p 
V·E=-
t::o 
V·B=O 
v X E = -:8 
J V x B=--
t::o . c2 
(1.1) 
(1.2) 
(1.3) 
(1.4) 
(1.5) 
1The probability that the electromagnetic radiation will cause a transition in the 
molecule can be described through Fermi's Golden Rule, a semi-classical treatment 
that uses a classical description of the Hamiltonian with a quantum description of the 
molecule 's energy states. To treat this problem, we begin with our molecules in an 
initial state, at which point we introduce the electromagnetic radiation and measure 
the final state. We begin with a time-independent Schrodinger equation (Eq 1.5) 
and add in the interaction of electromagnetic radiation through a time-dependent 
perturbation (Eq. 1.6). 
H'(t) = -J-L. E(t) 
H'(t) = -J-L · E 0 cos(k · x- wt) 
H'(t) = -~J-L· Eo(eikx-iwt + e-ikx+iwt) 
2 
H'(t) = -~J-L. Eo(e- iwt + e+iwt) 
2 
(1.6) 
1 Derivations of Fermi's Golden Rule can be found in many textbooks, the derivation shown 
below is based upon those found in [Schatz, 2002], [Bernath, 2005] and [Sakari, 1994] 
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The Hamiltonian is derived from only the dipole interaction of the electric field 
since the wavelength of incident radiation, >., is greater than the dimensions of the 
molecule. This prevents the molecule from having different electric field strengths at 
different parts of the molecule, and prevents the need for quadrupole and higher terms 
in the electric field expansion, allows the approximation e±ikx rv 1. The validity 
of this approximation can be checked for various spectroscopic experiments. For 
example, the size of the electric dipole moment is often on the order of rv lnm, whereas 
the radiation wavelength for Fourier transform infrared (FTIR) and resonance Raman 
spectroscopy (RRS) are both on the order of 1 micron. 
The probability that the molecule will transition to a neighboring energy state 
is then found through solving the time-dependent Schrodinger equation, where Ill 
represents the time-dependent wavefunction (Eq. 1. 7) 
aw A A inat = (H + H'(t))w (1.7) 
The stationary states present prior to the electromagnetic radiation being turned 
on are described in Eq. 1.5 and can be solved. 
The time-independent wavefunctions, 'lj;, create a complete set, allowing the time-
dependent wavefunction, ll!(t), to be described as a function of the time-independent 
wavefunctions, their corresponding time-dependent portion (e-iEnt/fi) and a time-
dependent coefficient describing the probability of the molecule being in a particular 
final state (cn(t)) as shown in Eq. 1.8. 
(1.8) 
n 
Since we are interested in the probabilities of a molecule being in various final 
states, we want to solve for cn(t). To do so, we can take the time derivative (Eq. 
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1.9) and substitute this into the time-dependent Schrodinger equation (Eq. 1. 7). 
aw a~ C (t)"!' e-iEnt/n 
in at = in Lm n a;n 
=in 2.,)c~(t) - iEn~n(t) ]?/Jne-iEnt/n 
n 
(1.9) 
n n 
n n 
n 
n 
n n 
n n 
(1.10) 
We can now multiply by ?fJ:ne+iErnt/n and integrate over all space to obtain coupled 
differential equations. 
in l: L c~(t)?/Jn?/Jmei(Ern-En)t/ndr = L: L Cn(t)H'(t)?/Jn?/Jmei(Ern-En)t/ndr 
n n 
in L c~(t)6mn = L Cn(t) ( ?/Jml H' mn(t) 1?/Jn) ei(Ern-En)t/n 
n n 
c~(t) = -~ L Cn(t) ( ?/Jml H'mn(t) 1?/Jn) eiWrnnt (1.11) 
n 
To this point in the derivations, no approximations have been made, allowing 
Eq. 1.11 to be equivalent to the original Schrodinger equation (Eq. 1. 7). If the 
interaction of H:nn, describing our electromagnetic radiation, is small enough, the 
change in cn(t) will also be small and a first order approximation can be done. Using 
first-order perturbation theory, the set of time-dependent coefficients can be replaced 
with their values at t = 0. If the molecule is in a single initial ground state at t = 0 
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the sum in Eq. 1.11 collapses to a single remaining term where cn(O) = 1, allowing 
Eq. 1.11 to take on the form: 
c:n(t) = -* 1t \ w~l H'l(t') lw~) eiWmnt'dt' (1.12) 
The absolute square of c~(t) gives the probability of finding the system in state 
m after some time, t, has elapsed. To first order, for m =I= n (the situation of no 
excitation out of the ground state) we have: 
Pm(t) = lc;, (t) I' = ~2 1l \ W~~ k, (t') lw1) e"'-nt' dt' I' (1.13) 
We can substitute our Hamiltonian from Eq 1.6 into Eq 1.13. 
Pm(t) = lc;, (t) I' = ~2 1l ( ljl~ 1- ~I'· Eo( e_..,,, + e+"''') lw?) e"'-•'' dt'l' 
= :;, I ( ljl~ II' . € IW1) I'll ( e -iwt' + e +"''' )e"'-•" dt' I' 
= :,!, I (W~ II'. E IW1) I'll ( e - i(w - w-•1<' + e+i(w+--•l")dt'l' 
E5 0 A 0 21 e-i(w-wm;)t - 1 ei(w+wm;)t - 112 
= 4 fo2 I\ w mItt · t: I w i ) I . ( + . ) + . ( _ . ) ( 1.14) 
n ~ W Wm~ ~ W Wm~ 
Assuming that the frequency of radiation is near resonance, that is, w ~ Wmi we 
find the probability for a transition between the initial ground state, i, and some 
excited state, m, to be: 
E 2 · 2(6.wt) I 1 12 o I ( 0 I A I O\ l2 s~n 2 Pm(t) = cm(t) = 4li2 wm tt · t: wi/ (~)2 (1.15) 
where ~w = Wmi - w. As time goes on, the probability of energy conserving 
transitions grows, while the probability of transitions that do not conserve energy 
diminishes. The limit of long time means that the elapsed time is much larger than 
the period for transitions, T, that do not conserve energy (ie. t >> T). In this case 
we can take the long time limit of Eq 1.15 using the identities in Eq 1.16 and 1.17. 
lim sin
2(o:x) = 1r6(x) (1.16) 
a-too o:x2 
1 
6(ax) = ~b(x) (1.17) 
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Where a = t and x = ~w. Thus, Eq 1.15 takes on the form: 
E5 II o I ~ I o)l2 . 1 sin2(~t) 
Pm(t) = 4fi2 \ wm f1,. E wi (t) t~~ t (~W)2 
= :~ I ( w~ I p, · f. I w?) 12 ( t) ( 7rl5 ( ~w ) ) 
= E};2 t I ( w~ I f-L • f. I w?) 12 6 ( D.w) (1.18) 
We can now look at the transition rate from the initial state to a final state, m, 
by taking the time derivative of the probability (Eq 1.18) in the limit of long times. 
D () _ dPi-tm 
1 Li-+m t - ---dt 
= ~~; l(w~l p, ·f. lw?)l 2 6(D.w) (1.19) 
Eq 1.19 is known as Fermi's Golden Rule. The delta function guarantees con-
servation of energy since it requires that the energy of incident light must equal the 
energy of the transition 'i --+ m. The energy density of the incident light is often 
polarized isotropically (x, y or z) introducing a factor of ~· During the process of 
absorption, the atom will be excited from the initial state into a higher energy state 
by absorbing Em - Ei = liwmi energy from the electromagnetic field. This process 
can be reversed, with the same probability, to describe stimulated emission. Dur-
ing the process of emission, an atom in an excited state, m, could either absorb 
energy and transfer to a higher energy state (absorption) or transition back to the 
initial state releasing a photon with energy of Em- Ei = liwmi (stimulated emission). 
Thus one photon is incident upon the system, and two photons come out. The last 
mechanism of light interaction with matter can be described as spontaneous emis-
sion, where a particle in an excited state spontaneously decays into a lower energy 
state by releasing a photon of energy Em - Ei = liwmi. Since the electromagnetic 
field is treated classically in the above derivation, it is not possible to calculate the 
probability of spontaneous emission. To do such the rates of absorption, stimulated 
emission and spontaneous emission are calculated through the Einstein coefficients 
using statistical arguments. 
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Absorption cross-section and Einstein coefficients 
The absorption cross-section of a particle, a, measures the ability of a particle to 
absorb a photon of a particular wavelength. The rate of absorption described in 
Eq 1.19 is dependent on the strength of the field (E5) and measured through the 
intensity: 
Thus , the transition rate can be written as follows: 
R-tm(t) = ;;2
2
c I(wmi) j(w?nj f-t· E jw?) j2 o(~w) 
Bmii(wmi) 
c 
(1.20) 
Where Bmi is the Einstein coefficient for absorption and can be measured through 
the absorption cross-section which is defined as: 
total energy absorbed/unit time 
a=--------------------------
total incident energy 
'!iwmiRHm(t) 
I 
_ '!iwmiB . 
- mt 
c 
(1.21) 
Since the rate for stimulated emission is equivalent to the rate of absorption, 
as shown by Eq 1.19, the Einstein coefficient for stimulated emission, Bim , and the 
absorption, Bmi, and their cross-sections are equal. 
To find how the intensity of incident light changes due to absorption and stimu-
lated emission of a photon as a function of distance traveled in the sample: 
di 
-- = -I~Na dx 
I = Io e-b.NaL 
Thus, the transmission of light (T = fo) decays exponentially as a function of 
path length. In optical spectroscopy methods used in this thesis a high frequency 
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approximation can be made such that /j.N --+ N and T ~ eNCTL. This can be re-
written into the form of the familiar Beer-Lambert Law: 
A=ECL (1.22) 
where A is the absorption, E is the molar extinction coefficient, C is the concentration 
and Lis the path length. The Beer-Lambert law relates the macroscopic absorption 
to the transition dipole moment through the Einstein coefficient. 
1.3.2 FTIR Spectroscopy 
2IR spectroscopy utilizes wavelengths between 700nm-lmm (lmeV-2eV). These 
energies are on the order of bond vibrations. Using IR spectroscopy, one can thus 
probe the vibrational modes of proteins. In the case of light activated proteins such 
as ChR2, HR and AR3, we are able to discern changes in theIR spectra of the pro-
teins during their photocycle allowing an immense bank of knowledge to be acquired 
on the protein structure and function. FTIR spectroscopy utilizes either a rotating 
diffraction grating or a Michelson interferometer to scan through IR frequencies. The 
experiments presented within this thesis are performed on equipment that utilizes 
a Michelson interferometer. Unlike a diffraction grating that sends a series of near 
monochromatic IR bands through the sample in succession, the Michelson interfer-
ometer sends an interferogram of IR light through the sample which is then detected 
and the Fourier transform is computed to gain a spectrum. The interferogram is 
created by the interference of IR light, E, that travels different path lengths, 8, and 
is recombined prior to transmission through the sample, T(v) (see Fig 1.3.2). The 
electric field at the sample is 
(1.23) 
2 Derivations of the electromagnetic properties of an interferogram and Fourier transforms can 
be found in [Griffiths, 1986] 
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Figure 1. 7: Schematic of an FTIR spectrometer 
IR light that is transmitted through the sample is then detected on a cooled 
HgCdTe detector that measures the time average intensity. 
1 2 !(5) = 2cE0E 
=-cEo T(v) -Efcos2 (27rvct) + -E~cos2 (21rv(ct- 5)) + ... 1 100 (1 1 
2 - oo 2 2 
... + E 1E2cos(21rvct)cos(21rv(ct- 5))dv 
1 100 =-CEo T(v) (0 + 0 + E 1E 2 (cos(21rv6) + cos(47rvct- 21rv6ct))) dv 
2 -00 
1 100 =-CEo T(v)(E1E2cos(21rv6) + O)dv 
2 - oo 
1 100 = -CEo T(v)I(v)cos(21rv6)dv 
2 -oo 
(1.24) 
The spectrum is then calculated from the interferogram by calculating the Fourier 
transform of !(5): 
1 100 T(v)I(v) = -CEo I(5)cos(27rv5)d5 
2 -oo 
(1.25) 
If it were possible to scan from -oo to oo, Eq 1.25 shows the complete spectrum 
would be measured with infinitely high resolution (assuming that the interferogram 
would be digitized into infinitesimally small intervals). However, in an actual spec-
trometer the mirror movement happens over a finite interval, 5max, which causes a 
reduction of the resolution to some finite quantity measured by: 
1 b.v = - -
5max 
(1.26) 
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Principles of FTIR Spectroscopy 
Section 1.3.1 derives relevant equations to the interaction of electromagnetic fields 
with matter. Electromagnetic field interaction with matter could cause electronic, 
rotational, translational or vibrational energy transitions (Etatal = Eelec + Erat + 
Etrans + E vib)· These transitions depend upon the energy of incident light , with IR 
light probing the vibrational states of a molecule. As stated previously, we can treat 
the molecule in a classical manner , while treating the electromagnetic field with a 
semi-classical model. Thus, the vibration of bonds can be described through the use 
of Hooke 's law and classical mechanics. 
We can write the Hamiltonian for a vibrating molecule of N atoms asH= T+ V. 
The kinetic energy can be described as follows: 
(1.27) 
where qi is proportional to the mass-weighted displacement from equilibrium. 
The potential energy, V(ri), can be expanded with a Taylor series about an 
equilibrium nuclear position. 
(1.28) 
The potential energy at equilibrium can be chosen to be zero. At equilibrium, by 
definition, the first derivative of the potential with respect to the coordinate is also 
zero. Furthermore, for harmonic approximations, terms above the second derivative 
are ignored, thus we are left with 
(1.29) 
where kij are the force constants. We can now look at the Lagrangian for the system 
of molecules. 
! ( ~~) + ( ~~) = 0 
iii + 2:::: kijqj = o 
j 
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(1.30) 
This set of 3N coupled differential equations can be solved by assuming the 
solution of a simple harmonic oscillator: 
(1.31) 
where w is t he angular frequency causing vibrations of nuclei about their equilib-
rium positions. This can be put back into Eq 1.30 to get a set of 3N equations, the 
solutions of which can be found by solving Eq 1.33. 
kn - w2 
k21 
k3N,l 
- Aiwi + L kijAj = 0 
j 
kl2 k13N , 
k22 - w2 
k3N,3N - W2 
(1.32) 
=0 (1.33) 
There are a total of 3N values of w that satisfy Eq 1.33, however six of these 
values are zero. This is because three degrees of freedom are associated with trans-
lation, and another three are associated with rotation (x, y, x, e, ¢, x). Thus, we are 
left with 3N- 6 normal modes for the molecule , where each harmonic oscillator is 
independently functioning. 
To describe the interaction of the vibrating molecule with the electric field we 
can turn to quantum mechanics, where we see that the energy of a simple harmonic 
oscillator is equal to: 
(1.34) 
and light will be absorbed by the molecule when w0 = wi - Wm = 6.w. The 
interaction of the dipole moment with the incident electric field can then be described 
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as: 
hi:::lw = -i:::lp, · E (1.35) 
Theoretically, this would mean we would see 3N -6 bands in IR spectra. However, 
this is not always the case as symmetry or selection rules could prevent some bands 
from being observed. The intensity of an IR band, k, is given by [Mayo, 2004]: 
( 8p, ) 
2 
hex: --
8Qk equilib 
(1.36) 
Eq 1.36 shows why 3N - 6 bands are not always present in the spectrum. First , 
the dipole moment must change during the vibration, otherwise I = 0. While the 
vibration still occurs, it is not excited by IR radiation. It can also be seen from 
Eq 1.36 that a vibration with a large change in dipole moment will dominate the 
spectrum. Thus, vibrations such as the stretching of polar bonds with different 
electronegativities intensely absorb IRradiation. In addition to the 3N- 6 possible 
bands, extra bands may be found in the spectra due to overtones, or multiples 
of a fundamental frequency. Realistically cubic and higher terms of the potential 
energy expansion would play a role in the dynamics and coupling of oscillations 
as real molecules are rotating, anharmonic oscillators instead of the rigid harmonic 
oscillators that the precious section assumes. 
The normal modes outlined above include all of the atoms in a given molecule. 
While this information can be useful, it is more important to determine changes in a 
molecular system due to activation (through light, chemicals or ligands for example). 
These changes are small in respect to the overall molecular system and thus unable 
to be seen when looking at just a single FTIR spectrum. In this situation, FTIR 
difference spectroscopy can be used to discern changes in the molecular structure 
to the precision of movements of single water molecules or the isomerization around 
a conjugated chromophore bond. In this method, vibrations that are the same in 
the initial and final state spectroscopically subtract to zero, leaving only changes 
in vibrations to be seen. This dramatically reduces the number of observed groups. 
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The method of spectroscopic subtraction can be seen in Eq 1.37 where A is the FTIR 
spectrum of the molecule in the ground state and B is the FTIR spectrum of the 
molecule after excitation. 
f:j.QD = -log10 (~) (1.37) 
Applications to Photoactive Proteins 
FTIR spectroscopy is a useful tool in studying photoactive proteins due to its ability 
to detect a change in the bond strength of a single bond within a large protein. In 
addition, FTIR can detect bond angles, hydrogen bonding strengths and chemical 
properties (like the protonation state) among others. This allows information on 
reaction induced changes in proteins to be seen through FTIR difference spectroscopy. 
Since the overall absorption changes from the reaction are very small (often 1% 
of ODmax), the protein sample used for the FTIR spectrum prior to the reaction 
and after the reaction must be the same, as subtle differences in the thickness or 
surface between samples prevents the detection of changes [Barth, 2009]. For the 
experiments presented in this thesis, protein samples were prepared on a CaF _2 
window and photo-activated during the course of the experiment. 
Bands in the FTIR difference spectrum appear for a variety or reasons. For 
example, the chemical structure of an internal amino acid residue could change- such 
as hydrogen bonding strength, protonation or deprotonation, or the reaction could 
cause a structural change in the protein of a cofactor such as retinal. To utilize the 
information present in an FTIR difference spectrum, one must be able to identify 
the molecular groups that lead to specific features. One method of doing this is 
through site-directed mutagenesis. Site-directed mutagenesis allows the assignment 
of spectral features to a specific amino acid group due to a change or absence of bands 
in the mutated versus non-mutated spectrum. Another method of band assignment is 
through isotopic labeling, which allows the observation of specific groups (all aspartic 
acids for example). Isotopic labeling changes the effective mass of the group and thus 
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shifts the frequencies of all bands due to that group by a known amount [Barth, 2009]. 
Decades of work has gone into determining the frequencies of amino acid side chains 
and the amide normal modes, tables can be found at [Barth, 2002] and [Barth, 2007]. 
1.3.3 Time resolved and Low temperature FTIR 
One of the main methods of acquiring a time resolved FTIR spectrum from a protein 
is rapid scan. During rapid scan the movable mirror of the interferometer is cycled 
at a frequency of 30hZ.During each cycle, four individual FTIR spectra are acquired 
giving a time resolution of 8ms allowing for a resolution of 4cm- 1 . The time resolved 
data presented in this thesis uses the rapid scan technique on a Bruker IFS 66v /s 
spectrometer (Bruker, Billerica MA) equipped with a KBr beam splitter. To photo 
excite the sample a tunable Nd:Yag laser is aligned into the sample compartment and 
onto the sample in a way such that the laser is not incident upon the detector (see 
Fig 1.3.3). Other methods for time resolved FTIR include step scan techniques with 
a time resolution of 14ns and pump probe techniques that yield time resolutions on 
the order of picoseconds [Amsden, 2007]. 
In low temperature FTIR a cryostat cools a sample to t emperatures between 
77K and room temperature. The cooled temperature traps the sample in specific 
intermediates (77K-K, 135K-L, 230K-M, 240K-N). For example, 77K prevents 
the sample from cycling past the K intermediate [Hurley, 1978]. Thus, with two 
colors of light one can drive the sample from Ground-......tK (using 500nm light) or 
from K-......tGround (using >690nm light) and determine characteristics unique to the 
K state, like the retinal conformation or the Schiff base protonation state [Rothschild, 
1982]. This static FTIR method allows long term averaging between two distinct 
states leading to a high signal to noise ratio that is required to resolve small stretching 
vibrations like the 0-H stretching modes of single water molecules undergoing a 
hydrogen bonding change within the binding pocket .. 
For cryo-cooled experiments presented within this thesis , the sample is cooled 
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Figure 1.8: Schematic of Bruker FTIR spectrometer sample setup 
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Figure 1.9: Schematic of BioRad FTIR spectrometer sample setup 
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with liquid nitrogen through a cold finger (Helitran SHO-lA, ARS Cryo, Advanced 
Research Systems, Macungie, PA). The sample is illuminated through a fiber optic 
cable carrying filtered light from a 150W bulb (Dolan-Jenner, Woburn MA). The 
light is filtered through an IR filter as well as a colored filter chosen specifically for 
the intermediate to be studied. Sample temperature is monitored via a Visual Basic 
program and a thermistor placed on the cryostat finger. FTIR data is only acquired 
if the sample is thermally stable, ±O.lK from the target temperature. FTIR data 
is acquired on a Bio-Rad FTS 60A spectrometer (Agilent Technologies, Santa Clara 
CA), see Fig 1.3.3 for setup. 
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1.3.4 Near IR Confocal Resonance Raman Microscopy: Ap-
plications to Photoactive Proteins 
3When light is incident upon a system, it can scatter off of molecules either elas-
tically (Rayleigh scattering) or inelastically (Raman scattering). The small shift of 
energy in inelastic scattering due to the interaction of light with molecular vibra-
tions of the system leads to a Raman spectrum. While the fraction of light that is 
inelastically scattered is small ( rv 1 in 108 ), these photons have a frequency that is 
shifted from the incident light allowing the original frequency of light to be filtered 
out. Raman scattering corresponds to an absorption and emission of a photon which 
was previously described via Fermi's Golden Rule when second, third and fourth 
order perturbations are considered. In Raman scattering, an incident photon excites 
an electron to a virtual stat, m, and light scattering then serves to push the system 
back into the ground state releasing a photon of energy Em - Ei. Classically, the 
interaction of light with a molecule induces a dipole moment 
p=a·E 
=a· E 0 cos(wt) (1.38) 
For small vibrations, the polarizability, a, is a linear function of the normal coordi-
nate, Q and can be expanded in the form of a Taylor series. 
(1.39) 
If we disregard higher order terms we can get an approximation for a and sub-
3Derivations presented in this section follow those of [Long, 2002] and [Mayo, 2004] 
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stitute this into Eq 1.38 we find that: 
f-L = aoEocos(wot) + ( Z~) 
0 
Qocos(wkt + ¢k)Eocos(wt) 
= a0E0cos(w0t) + ~ ( Z~) 
0 
QoEo[cos((wo- wk- ¢k)t) + cos((wo + wk + ¢k)t)] 
(1.40) 
Where the first term describes Rayleigh scattering radiation at w0 , the second 
term describes Raman scattering where the term with w0 - wk - ¢k describes Stokes 
scattering and the term with w0 + wk + ¢k describes anti-Stokes scattering. The 
intensity of a normal mode vibration is determined by the change in polarizability 
(unlike in FTIR where the intensity is determined by a change in dipole moment) 
h ex w4 lf-Linduced · el 2 
( aa )
2 
ex fJQk equilib (1.41) 
Raman spectroscopy, therefore, measures the ease with which electrical charges 
in a molecule can be moved. Bonds that are polar, such as those found in water, 
however, are weak in Raman since the electrons are tightly held by the electronegative 
atom. Raman bands are most intense when there are multiple bonds due to the high 
electron density between the atoms(C-C, C=C, C=N etc.). In addition, atoms 
that have a large number of outer electrons will be polarized more easily, and thus 
appear more intensely in the Raman spectrum. This is important to the case of the 
retinal chromophore, where the delocalization of electrons along the polyene chain is 
determined by both the conformation of the retinal as well as the protonation state 
of the Schiff base. Decades of work has been done to assign spectral properties of 
the Raman spectra of Rhodopsins through isotropically labeled retinals and "locked" 
retinals (retinal that cannot change their isomerization, see [Marcus, 1978], [Myers, 
1986], [Fodor , 1989] and [Terner , 1979]). 
Raman scattering and FTIR absorption are complimentary techniques that pro-
vide vibrational spectra. For the same vibrational transition, the frequencies of 
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absorption and scattering are identical, allowing FTIR and Raman spectra to be 
compared easily. Often bands that are intense in Raman scattering are weak in 
FTIR absorption and vice versa (see table 1.1). One major advantage of Raman 
spectroscopy is the lack of absorption due to water, which absorbs strongly in the 
IR and reduces signal to noise ratios. Thus, with Raman spectroscopy we can get 
a clear picture of the chromophore conformation and environment, and with IR we 
can get a picture of the interactions of key residues throughout the photocycle. 
Table 1.1: Raman vs. IR Group Intensities 
Strong in Raman Strong in IR Strong in both 
C==C, C=C stretch C-F stretch C==N stretch 
C=S, C-8 stretch 0-H stretch 
N = N stretch N- H stretch 
C=O stretch 
C- Cl stretch 
In the experiments presented in this thesis, a Senterra Raman spectrometer 
(Bruker , Billerica MA) attached to a confocal microscope (Olympus BXM1) uses 
785nm diode laser light to probe samples. The use of 785nm light to probe is close 
to the excitation wavelength of the proteins studied ( rv500-600nm) making 785nm 
light in pre-resonance with the chromophore. In pre-resonance Raman spectroscopy, 
the incident laser light is near, but not equal to, the excitation frequency needed 
for chromophore isomerization (see Fig 1.3.4). This creates a pre-resonance effect 
that increases the signal significantly from bands due to the chromophore. The ben-
efit of pre-resonance Raman spectroscopy on photoactive proteins is that it provides 
a method of probing only the chromophore. While lipid, amino acid and protein 
vibrations are present, they are orders of magnitude smaller than those in the chro-
mophore experiencing pre-resonance. In addition, because the incident light used to 
probe the protein is not isomerizing the chromophore, we are not photo-exciting the 
protein during Raman acquisition unless there are long lived intermediates. Thus, 
Raman provides a powerful tool to investigate the conformation and environment of 
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Figure 1.10: Comparison of normal Raman, pre-resonance Raman, resonance Raman 
and continuum Raman scattering. 
the chromophore in the ground state. In addition, due to the long wavelength light 
used and low energy output of the beam paired with the pre-resonant enhancements 
of the chromophore, we are able to perform Raman spectroscopy on whole living 
cells to gain a better understanding of how the physiological environment alters the 
activity of photoactive proteins. 
1.3.5 UV-Visible Absorption Spectroscopy: Applications to 
Photoactive Proteins 
4 UV-Visible absorption spectroscopy utilizes wavelengths between 200nm-800nm ( l-
4eV) . These energies are on the order of, and thus probe, the energy of orbital electron 
transitions in atoms and molecules. The transitions that are energetically favorable 
are those that move an electron from the highest occupied molecular orbital to the 
lowest unoccupied molecular orbital, resulting in an excited state. In UV-Visible 
spectroscopy, polychromatic light is incident on a grating that separates the light 
into small, monochromatic, bands. These bands of light are then incident upon the 
sample in succession with the transmission being recorded for each band. The result 
4Derivations presented in this section follow those of [Lalanne, 1997] 
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is an absorption spectrum over the wavelength region probed. In the experiments 
presented in subsequent chapters of this thesis, UV-Visible experiments were done 
on either a Cary 6000 or Cary 50 instrument (Agilent Technologies) that utilize a 
deuterium lamp for wavelengths from 200nm-350nm and then switches to a tungsten 
halogen bulb for wavelengths above 350nm (Cary 6000) or a xenon flash lamp to 
cover the entire spectrum (Cary 50). The transmission is recorded either on an 
InGaAs (Cary 6000) or diode (Cary 50) detector. 
Since the energy of incident light is on the order of external electrons, we can 
choose to treat the electron as a simple harmonic oscillator, just as we have chosen to 
treat the vibrations of molecules as simple harmonic oscillators in previous sections. 
The motion of an external electron in the presence of an electromagnetic field can 
be described by 
mex(t) = -Kx(t)- m"(x(t)- eEx(t) 
-eEx(t) 
X ( t) = --::-:-----:::---::-:---~ 
m[(w5- w2 ) + i"(w] (1.42) 
where 'Y is a damping coefficient proportional to the speed of the electron and K 
is the spring constant. However, there are multiple external electrons to any given 
molecule. The displacement of these molecules gives rise to a polarization density. 
N 
Px(t) = LPxj(t) = Nexj(t) 
j=l 
m[(w5- w2 ) 2 + i"(w] (1.43) 
Eq 1.43 paired with the definition of susceptibility (x(w) = E::E~(2)) can be used 
to find the propagation term of the wave (Eq 1.44) and show the Beer-Lambert law 
(Eq 1.22) 
(1.44) 
Thus, as expected from Beer-Lambert, the intensity undergoes an exponential 
attenuation as a function of path length, x, and the optical density (OD) is propor-
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Figure 1.11: Peptide link between two amino acid side chains denoted as R and R' 
tional to the number of absorbers , N. This is a good approximation in the case where 
forces can be approximated to be proportional to displacements which can in turn 
be approximated to be proportional to the electromagnetic fields. Eq 1.44 shows an 
energy exchange between the electromagnetic wave and the electron which causes an 
attenuation of the field intensity as the wave propagates through the sample. 
UV-visible absorption from orbital electrons in proteins comes from 3 main sources. 
The peptide bond, a covalent bond formed between two amino acids ( R and R' , see 
figure 1.11) has a 1r ---7 n* transition shown by an intense 190nm absorption. Aromatic 
amino acids such as Phenylalanine, Tyrosine and Tryptophan absorb in the region 
of 250nm-300nm due to n-electron conjugation around the ring. Lastly, prosthetic 
groups such as retinal in the case of rhodopsins have absorptions that are strongly 
correlated to their n-electron conjugation and local environment. 
Chapter 2 
Initial FTIR and RRS 
measurements on a Melanopsin 
Analog: Cephalopod Rhodopsins 
Our eyes contain rod and cone visual protein pigments that have long been known 
to allow our brains to use light to form images. The method in which the brain 
detects day and night and regulates the body's circadian rhythm, however, eluded 
scientists for centuries after the discovery of rods and cones. This is because trans-
genic rod and cone knockout mice could often regulate their circadian rhythm in a 
normal fashion. However, mice with their eyes removed lose this non-image forming 
response to light [Freedman, 1999]. In 2000 a new human opsin, named melanopsin 
(MO) , was found with a significantly different structure from rod and cone opsin, as 
well as all other known vertebrate opsins and expressed only in the eyes in low quan-
tities [Provencio, 2000]. MO is found to express in specific retinal ganglion cells that 
are directly connected to the suprachiasmatic nucleus of the hypothalamus, a region 
of the brain that has been connected to regulation of circadian rhythm, hormone 
levels , pupil dilation and other physiological variables [Berson, 2002] and [Hattar, 
2002]. MO has a maximum absorption at Amax = 480nm with and isomerization 
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reaction of 11-cis-Tall-tmns retinal upon photo activation into a red-shifted state. 
The red-shifted state is cycled to the ground state through the absorption of a second 
photon, making MO bi-stable [Terakita, 2008]. MO has the ability to continuously 
signal for hours in the absence of a supply of re-isomerized chromophore [Berson, 
2002]; this is in stark contrast to vertebrate rhodopsin (vRho) in which the retinal 
hydrolyzes from the binding pocket upon isomerization, requiring external retinal to 
be supplied to the cell from the retinal pigment epithelium. In addition, MO requires 
much larger light intensities to elicit a response than rhodopsins in the vertebrate vi-
sual forming system ( rv200 times greater) and is largely insensitive to short durations 
of light (less than 30s, [Nelson, 1991]). In fact, MO shares a larger similarity with 
invertebrate photo pigments than it does with vertebrate photo pigments including 
the use of a neutral aromatic residue, tyrosine 111, to stabilize the protonated Schiff 
base [Provencio, 1998]. This is in contrast to vRhos that have an acidic residue as 
the Schiff base counter ion, often aspartic acid. In addition, both melanopsin and 
invertebrate rhodopsin signal through a Gq-coupled pathway. Sequencing and align-
ment of melanopsin against several vRhos (pineal opsin, rhodopsin, Ml blue like 
opsin etc.) and invertebrate rhodopsins (octopus rhodopsin and insect rhodopsins) 
show that melanopsin and invertebrate rhodopsins actually share a common ances-
tor [Provencio, 1998] . MO has yet to be well characterized spectroscopically due to 
difficulty in expressing it in large amounts in cultured cells. Squid and cephalopod 
rhodopsins, however, can be obtained in large amounts via the animal, and thus 
provide a means of studying Gq-coupled receptors and lay the groundwork for future 
spectroscopic studies of MO. MO shares a 40% identity with squid rhodopsin (sRho), 
while sharing only a 30% homology with vertebrate opsins [Provencio, 1998]. Inver-
tebrate rhodopsins emerged about 500 million years ago and are found in cuttlefish, 
squid, octopus and Vampyromorpha [Clarkson, 1998]. The sequence identity of inver-
tebrate rhodopsin genes between species is strikingly high (76%) as compared to the 
sequence identity of various vRho genes (40-50%, [Bellingham, 1998]). Interestingly, 
51 
the gene for sepia rhodopsin contains an intron, a nucleotide sequence that is deleted 
prior to translation as a means for allowing the same gene to generate multiple pro-
teins [Rearick, 2011]. The absence of introns in sRho could represent an evolutionary 
step toward the loss of introns in rhodopsin genes [Bellingham, 1998]. While sRho 
is primarily investigated in this chapter, a spectroscopic comparison between sRho 
and sepia rhodopsin, which share a 90% sequence identity, was done. The purpose of 
the comparison is to determine if there were any functional differences between the 
two invertebrate rhodopsins as well as investigate how we can apply our knowledge 
gained from squid and sepia rhodopsins to MO. sRho has a ground state visible ab-
sorption at Amax = 498nm and, like MO, is bi-stable. Upon photo activation, retinal 
in sRho isomerizes from 11-cis ---7 all-trans and sRho goes into either an acid meta 
state (>-max = 503nm) or alkaline meta state ( Amax = 380nm) . The acid meta state 
thermally converts to the alkaline meta state, and both acid meta and alkaline meta 
states can be interchanged by altering the pH. There are two main differences in the 
all-trans chromophore structure between acid meta and alkaline meta. In alkaline 
meta the high concentration of H+ ions forces a proton onto the Schiff base. The 
Schiff base protonation causes a twist in the link between the retinal and Lys296, the 
amino acid that links the retinal to the protein (see Fig 2.1). In this chapter of the 
thesis I present methods and results of work done on rhodopsin extracted from the 
eyes of Loligo Forbesi, a species of squid found off the northeastern seaboard of the 
United States. A comparison study is also presented investigating the rhodopsin from 
Sepia Officianis, a cuttlefish that has a close phylogenetic relation to Loligo Forbesi. 
Loligo Forbesi was harvested from Woods Hole Biological Institute and sRho was 
purified in the Molecular Biophysics Labs at Boston University (see Materials and 
Methods below). Sepia Officianis, however, were harvested from the Gulf of Mexico 
and purified in the labs of our collaborator, Javier Navarro, at University of Texas 
Medical Branch. 
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Figure 2.1: Squid rhodopsin photo-isomerization into acid meta or alkaline meta 
states. 
2.1 Materials and Methods 
2.1.1 Squid Rhodopsin Isolation 
Loligo Forbesi were harvested from Woods Hole Marine Biological Laboratories 
(Woods Hole, MA) in the middle of the night to ensure dark adaptation of photo 
pigments in all samples. Squid were placed on a tray under dim red light. Their 
heads were cut at the neck followed by a longitudinal cut through the tentacles, brain 
and between the eyes. Remaining tentacles and tissue was then cut away from the 
eye. Eyes were wrapped in foil , with one pair of eyes from the same animal in each 
foil wrapping. Eyes were frozen immediately through immersion in a Dewar of liquid 
nitrogen and brought back to the Molecular Biophysics Lab at Boston University 
where foil wrapped eyes were stored in a secondary light proof container at -80°C 
prior to purification. All purification and sample preparations of squid membrane 
were done under dim red light. 20 eye cups were thawed in 50mL of MED buffer 
(lOmM MOPS, 2mM EGTA, lmM DTT, pH 7.5) at room temperature. Eye cups 
were then broken up and photo pigments released into solution by vigorous shaking 
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and vortexing for 60 seconds. The solution was filtered through 2 ply cheesecloth to 
remove eye cups and lenses and then homogenized. Centrifugation of the homoge-
nized solution at 30 ,000g and 4°C for 20 minutes pelleted photo pigments and any 
other cellular material present. The pellet was re-suspended in a solution of 50% 
sucrose and MED. A second centrifugation at 103,000g and 4°C for 30 minutes was 
done to purify the photoactive membranes from other cellular material. The top 
layer of fluid containing membranes is removed via a Pasteur pipette and washed 
(100mM NaCl, 10mM MOPS, 2mM EGTA, 1mM DTT, pH 7.5). Membranes were 
pelleted at 50,000g for 50 minutes at 4°C, rewashed and re-pelleted for storage. Pu-
rified membranes were stored in foil wrapped Eppendorf tubes in a secondary light 
tight container in a freezer at -20°C until needed for experiments. 
2.1.2 UV-Visible Spectroscopy 
To create a solution of membrane for UV-visible spectroscopy, approximately 50f.Lg of 
membranes and 25f.LL of 20% DDM detergent was added to 970~-LL of buffer (100mM 
NaCl, 25mM MEPS, pH 6.4) and incubated on ice for 5 minutes. The solution was 
centrifuged for 5 minutes at 14,000 rpm (Eppendorf Centrifuge 5415C, Eppendorf, 
Hauppauge, New York). The supernatant was extracted and placed in a self-masking 
cuvette for UV-Visible experiments. Experiments were done on a Cary 5000 (Agilent 
Technologies, Santa Clara CA) using an internal integrating sphere (DRA-900). For 
experiments examining the transition from dark adapted membrane to either acid 
meta or alkaline meta states the sample pH was adjusted in the dark with NaCl and 
HCl. A dark adapted spectrum was acquired and used to ratio subsequent scans, 
creating a UV-Visible difference spectrum. Broad band white light was incident upon 
the sample for intervals of 1 minute directly followed by a scan across a wavelength 
range of 200- 600nm at 1nm resolution. Separate sample preparations were used for 
each pH studied to ensure dark adaptation at the start of each experiment. 
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2.1.3 FTIR Difference Spectroscopy 
For FTIR experiments approximately 200p,g of membranes was placed on a l - inch 
diameter CaF 2 window ( Crystran, Poole, UK) and dried under a stream of Argon gas. 
The sample was rehydrated via a small lp,L drop of water in a sealed cell consisting 
of a second CaF2 window, 0-ring, parafilm and sample chamber (ARS Cryo Heli-
tran SHO-lA, Advanced Research Systems, Macungie, PA). All FTIR measurements 
reported in this chapter were performed on a BioRad FTS 60A (BioRad Digilab Di-
vision, Cambridge MA). Samples were illuminated by a 150W Dolan- Jenner light 
supply (Fiber-Lite Series 180, Dolan-Jenner Industries, Boxborough MA). Light 
from the Dolan-Jenner was condensed through a lens and sent through both a heat 
filter and exchangeable optical filter. Filtered light was aligned into an optical fiber 
that delivered light to the sample via an annular ring. For measurements at both 
80K and room temperature samples were illuminated with blue light (.A = 460nm) 
for 5 minutes followed by a block of 1000 scans at 4cm-1 resolution . This was fol-
lowed by 5 minutes of red light (.A= 548nm) and a second acquisition block of 1000 
scans. This is repeated 20-30 times to gain better SNR. 
2.1.4 Near IR-RRS Spectroscopy 
For RRS experiments approximately 60p,g of membranes was placed on a l-inch 
diameter, O.lmm thick quartz window (Electron Microscopy Sciences, Hatfield PA) 
and sealed in a 1 inch optics holder with an 0-ring and CaF2 window under dim red 
light. The sample holder was wrapped in foil and brought to the Raman Senterra 
spectrometer (Bruker Optics, Billerica MA) outfitted with a near-IR camera (WAT-
902Hz Supreme, Watec, Middletown NY). Samples were aligned in a dark room under 
the Olympus BXMl confocal microscope using filtered light greater than 700nm. 
Raman acquisition used a lOOm W, 785nm diode laser incident on the sample for a 
120 second integration time at 3-5cm- 1 resolution. Multiple scans were taken and 
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averaged to increase SNR. 
2.1.5 Isotope Labeling 
Some experiments presented in this chapter use isotopically labeled water, either 
H~80 or 2H20, to investigate waters in the internal binding pocket and assign bands 
due to the Schiff base. Isotopically labeled samples were prepared under dim red 
light on CaF2 windows as described above. H20/H~80 or H20/2H20 exchange was 
done over a period of two days in a light tight container kept in a dry box. Every 6-12 
hours a 25J-LL drop of H~80 or 2H20 was placed near the protein film. The small 
sample chamber was sealed and allowed to exchange via the vapor phase. Both 
the sample film and 0-rings underwent exchange to prevent H20 in o-rings from 
exchanging with isotopically labeled water in the sample during data acquisition. 
2.2 Results 
2.2.1 Chromophore and Fingerprint Region 
FTIR difference spectra probing the initial photoreaction into bathorhodopsin (80K) 
shows an initial photoreaction involving the isomerization of the retinal from 11-cis 
-t all-trans, similar to vertebrate rhodopsins, as evidenced by bands at 1234cm-1 
(- ), 1227cm-1 (-) and 1204cm-1 (+) (see Fig 2.2). Thus, squid rhodopsin has a 
chromophore structure drastically altered from BR, which undergoes an all-trans -t 
13-cis retinal isomerization upon absorption of a photon. Bands at 1682cm-1 ( + ), 
1662cm-1 (+) and 1674cm-1 ( - ) are known as Amide I bands and can be attributed 
mainly to C = 0 stretching vibration but also have contributions from the N-H 
bending modes of the amide bonds between amino acids and the peptide carbonyl 
stretching vibration. Bands have been reported at similar frequencies in Bovine 
rhodopsin [Nagata, 1998]. The amide I vibrations are affected by the secondary 
structure of the protein backbone, not by the specific amino acid group on the side 
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chain [Barth, 2002]. These bands, are thus indicative of a backbone movement that 
is induced upon photo-isomerization. A positive negative feature found at 1646cm-1 
(+)/1655cm-1 (-)downshifts to 1628cm-1 (+)/1635cm-1 (-)upon H20j2H20 ex-
change. In BR, it has been shown that during the initial photo-intermediate the 
N-H bond of the Schiff base changes direction from being directed towards a po-
lar extracellular region to a hydrophobic cytoplasmic region by twisting around the 
C13 - C14 bond [Schobert, 2002]. The change in bond rotation alters the hydrogen 
bonding strength of the Schiff base with a nearby water , W402, attributing to the 
appearance of this band in an FTIR difference spectrum. The shift in these spec-
tral characteristics upon isotope exchange in sRho shows that, like BR, sRho also 
undergoes a change in the accessibility of the Schiff base during photo-activation. In 
the ethlynic stretching regions (C=C stretch) bands appear at 1560cm-1 ( - ) and 
1528cm- 1 ( +) for the initial state and bathorhodopsin retinal conformation respec-
tively. The downshift of this band upon formation of bathorhodopsin indicates a 
red-shifted absorption for bathorhodopsin that can be approximated through a lin-
ear correlation between ethlynic frequency and absorption maximum [Aton, 1977]. 
Negative peaks at 1234cm-1 and 1227cm-1 are not sensitive to H20/H~80 exchange 
and originate from C-C stretching vibrations of the retinal. Positive bands at 
1246cm-1 , 1204cm-1 and 1170cm-1 are also insensitive to H20/H~80 exchange and 
are due to C-C stretching vibrations of retinal in the bathorhodopsin state. A 
strong positive band at 1005cm- 1 is due to a change in vibration around the methyl 
groups found on retinal, at either C13 or C9. Methyl rock vibrations are found be-
tween 1020- lOOOcm- 1 while hydrogen-out-of-plane modes are found nearby between 
1000- 900cm-1 . The H20/H~80 exchange has no effect on the difference spectrum in 
the 1800-800cm-1 region. Even vibrations which involve oxygen such as the C=O 
stretching vibrations of aromatic residues or the amide I bonds are unchanged. This 
is due to the fact that hydroxyl and carboxylic acid groups do not readily undergo 
exchange of isotopically labeled oxygen [Fischer, 1994]. Hydrogen molecules in these 
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groups do, however, readily exchange with 2H20, which produces shifts in related 
bands (see Fig 2.2, bottom trace). For example, a band at 1646cm-1 is attributed 
to C = N- H + stretching vibration of the Schiff base, which undergoes an H/2H 
exchange of the proton and shifts down to 1627cm-1 . Room temperature FTIR 
and resonance Raman studies were done to investigate the ground state and acid 
meta state of squid rhodopsin (see Fig 2.3). The use of resonance Raman spec-
troscopy allows the assignment of bands in the FTIR due to the chromophore. Since 
the resonance Raman probing laser wavelength used (785nm) is near the excitation 
wavelength of the chromophore, resonance Raman spectra selectively show bands due 
to the chromophore conformation and environment. The frequency of bands does 
not necessarily align with bands found in the FTIR, since the positive/negative fea-
tures found in FTIR difference spectra will alter the recorded frequency of vibration. 
The 1666cm-1 (-)/1656cm-1 (+) feature of the room temperature FTIR spectrum 
(Fig 2.3, top) aligns with the 1658cm-1 band in the Raman spectrum and is due 
to the Schiff base (N-H) bending vibrations of the retinal. The downshift in fre-
quency of this band after photo activation shows that the Schiff base experiences 
a stronger hydrogen bond, likely with a local water, in the acid meta state [Ohno, 
2005]. Two bands in the FTIR spectrum found at 1697cm-1 and 1681cm-1 are not 
found in the Raman spectrum. These bands are in the frequency range of Amide I 
vibrations, and likely show significant backbone conformational changes the protein 
undergoes. The fact that these bands do not appear in the RRS shows they are not 
from the chromophore, but are derived from the protein. Ethlynic stretching bands 
are found in the Raman spectrum at 1580cm-1 , 1558 and 1541cm- 1 . The three eth-
lynic bands are due to a mixture of ground state (1558cm- 1 ), acid meta (1540cm-1 ) 
and alkaline meta (1580cm-1 ) species present in the sample during the experiment. 
This mixture of species is also seen in the FTIR spectra, where ethlynic bands, due 
to their close proximity to those found in the Raman spectrum, can be assigned 
to bands at 1575cm- 1 ( - ), 1556cm- 1 (-) and 1546cm-1(+). In addition to C=C 
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Figure 2.3: (a)FTIR and (b)Resonance Raman spectra of Squid Rhodopsin at room 
temperature 
60 
ethlynic stretching vibrations, retinal also undergoes C- C stretching vibrations 
throughout the polyene chain. These vibrations have been previously reported to be 
in the region of 1350cm-1-1100cm-1 [Mathies, 1977). Previously reported Raman on 
11-cis retinal with ann-butylamine Schiff base in ethanol shows bands at 1276cm-1 , 
1237cm-1 , 1218cm-1 and 1190cm-1 [Mathies, 1977). Related bands arise in sRho at 
1271cm-1 , 1247cm-1 , 1227cm-1 and 1187cm-1 indicating an 11-cis retinal confor-
mation in the ground state. However, due to the presence of acid meta and alkaline 
meta in the spectra, bands also appear at 1198cm-1 and 1161cm-1 . These bands 
are indicative of an all-trans conformation [Mathies, 1977). This, combined with 
bands in the FTIR difference spectrum show an 11-cis to all-trans isomerization of 
the chromophore. 
2.2.2 Cysteine Region 
Archaei and bacterial rhodopsins such as BR, HR, SRI and SRII do not have cysteines 
present , however, Vertebrate and invertebrate rhodopsins have been shown to contain 
cysteines in their structures. Some of these cysteines form disulphide bonds between 
helices promoting proper folding in the membrane [Karnik, 1990a) as well as serving 
as a plug for the retinal binding pocket [Murakami, 2008). sRho contains 9 cysteine 
residues with a disulphide bond forming between two cysteine residues (Cys186 and 
Cys108). Bands appearing above 1800cm-1 are primarily due to X-H stretching 
vibrations, and bands in the region of 2525cm-1- 2580cm-1 have been previously 
assigned to the S-H stretching mode of cysteine [Alben, 1974). vRho has been 
shown to have cysteine residues that undergo a change in hydrogen bonding during 
photo-activation as seen by a positive band at 2550cm-1 [Rath, 1994). In squid 
bathorhodopsin (80K) bands are seen in this region at 2578cm-1 (+), 2570cm-1 (-), 
2561cm- 1 (-) and 2554cm- 1 (+). At room temperature there are changes seen at 
2568cm-1 (+) and 2551cm-1 ( - ) , see Fig 2.4. Thus one or more cysteine residues 
undergoes changes in environment in both the early photo-intermediates and stable 
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in the disulphide bond between Cys186 and Cys108 
photo-intermediates. 
2.2.3 Water Stretching Bands 
FTIR bands found in the 3200-3700cm-1 region are attributable 0-H and N-H 
stretching vibrations and dangling hydroxyl groups in water that participate in hy-
drogen bonding are seen as sharp high frequency bands >3,600cm-1 [Garczarek, 
2006]. Due to the free hydroxyl, the observed frequency of these bands is higher than 
vibrations seen in liquid water (between 3,500- 3,200cm-1 ). The vibration frequency 
of 0-H is strongly dependent on hydrogen bonding interactions. As hydrogen 
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bonds get stronger, the frequency of these bands shift to lower frequencies due to a de-
creasing hydrogen bonding distance or decreased 0-H-0 bending angle ( [Ohno, 
2005], [Lawrence, 2002]). We found two sharp peaks at 3606cm-1 ( +)and 3597cm-1 (-
) that down shift between 10-13cm-1 in the presence of H~80 (3595cm- 1(+) and 
3587cm- 1 (-) respectively) at 80K (see Fig 2.5). This shift was also seen in previous 
experiments done on vRho [Rath, 1998]. In addition, in the presence of 2H20 this 
band shifts down to 2668cm - 1 ( +) and 2659cm - 1 ( - ) (data not shown). The changes 
in vibrations of this region between the ground state and bathorhodopsin are not 
found in the ground state to acid metarhodopsin state. This shows that the hydro-
gen bonding structure around the chromophore has an initial change in the early 
photocycle kinetics. In BR, similar bands are present in the water region, with the 
negative, ground state band being attributed to pentagonal hydrogen binding of the 
Schiff base with nearby residues and water molecules in the binding pocket. This 
pentagonal hydrogen bonding structure is abolished upon photo-isomerization. In 
the initial photo-intermediate BR forms a water wire on the extracellular side. The 
abolishment of the pentagonal hydrogen bonding with the new presence of the water 
wire creates a+/- pair of bands in the water region [Freier, 2011]. It is possible that 
the initial photokinetics of sRho undergo similar changes in hydrogen bonding and 
water environment. 
2.3 UV-Visible Spectroscopy 
UV-Visible data was acquired in a range of pH values (pH 6.0- 9.0) showing that 
below the pKa of sRho (pKa = 7.4) the initial absorption of light converts some 
population to the acid meta state ( Amax = 503nm), which then is converted to the 
alkaline meta state (>-max = 380nm) through both thermal degradation and addi-
tional illumination. Above the pKa the ground state population is converted directly 
to alkaline meta upon photo excitation. Light minus dark experiments of UV-Visible 
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absorption spectra of squid rhodopsin is shown in Fig 2.6. Positive bands indicate 
an increased population with respect to the dark adapted state while negative bands 
indicate a decreased population. Intense white light was incident upon the sample 
between each spectra for one minute for a total of five minutes. At pH values below 
the pKa of sRho there is an initial accumulation into the acid meta state. Note that 
the spectra lack a negative band at the ground state due to the spectral overlap of 
acid meta and the ground state. Over the course of the experiment, the acid meta 
state thermally decays into the alkaline meta state, as evidenced by an increase in 
population with an absorption of 380nm and a decrease in the population with the 
absorption of 503nm. At pH values above the pKa there is a conversion from the 
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ground 498nm absorbing state to the alkaline meta state absorbing at 380nm. 
2.4 Comparison to other invertebrate rhodopsins 
FTIR and resonance Raman spectra of sRho and sepia rhodopsin were acquired un-
der identical conditions (see Fig 2.7). We show that overall, both the chromophore 
and the function of the protein is similar between the two species. A small shift 
in the ethlynic vibration of the retinal as shown by the RRS, lower traces in Fig 
2.7 (1541cm- 1 in sRho versus 1540cm-1 in sepia rhodopsin) indicates a shift in the 
visible absorption of about 3nm according to a linear relationship between maximum 
absorption and ethlynic stretching frequency [Aton, 1977]. The maximum absorption 
of sepia rhodopsin is 494nm, while that of sRho is 498nm, matching well with the 
spectral changes in the data shown between species [Ormos, 1996]. In addition, the 
fingerprint region shows a strong similarity of C-C stretching vibrations, indicat-
ing that the retinal chromophore is in an 11-cis isomerization for both species in the 
ground state (seen as 1197cm-1 , 1186cm-1 and 1159cm-1 in sepia rhodopsin and 
1198cm-1 , 1187cm-1 and 1161cm-1 for sRho). The spectral similarities between 
species are also seen in the FTIR difference spectra at 80K and room temperature 
(top two and middle two traces in Fig 2.7 respectively). At room temperature bands 
at 1536cm-1 (- )and 1546cm-1 (+)in sRho closely match those in sepia rhodopsin 
at 1537cm- 1 (-) and 1546cm-1 (+). These bands indicate an 11-cis ---+ all-trans 
isomerization of the chromophore in the steady photo-excited state for both species. 
In addition, the Schiff base hydrogen bonding and electrostatic environment is nearly 
identical between the species in both the ground state and photo-stable state indi-
cated by bands at 1668cm-1 (-)and 1656cm-1 (+)in sRho and 1668cm-1 (-)and 
1655cm-1 ( +) in sepia rhodopsin. The fingerprint region also shows analogous bands 
between the two species for both the ground state and photo-stable state (1252cm- 1 
(+), 1237cm-1 (+) , 1195cm-1 (+), 1187cm-1 (+), 1228cm-1 (-)and 1214cm-1 (-) 
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for sRho and 1253cm-1 ( + ), 1238cm-1 ( + ), 1194cm-1 ( + ), 1186cm-1 ( + ), 1227cm-1 
(-) and 1211cm- 1 (-) for sepia rhodopsin). 
2.5 Discussion 
FTIR difference spectroscopy of sRho at 80K probes the initial photoreaction inter-
mediate, bathorhodopsin. Subsequent illumination with light drives bathorhodopsin 
either to isorhodopsin, a secondary photo intermediate, or back to rhodopsin in the 
ground state [Hubbard, 1958]. At room temperature the full photoreaction pro-
gresses into either acid meta or alkaline meta, depending on the pH of the sample. 
Thus, investigation of FTIR difference spectra at different temperatures allows us to 
gain information on early and late photoreaction kinetics. FTIR spectroscopy paired 
with resonance Raman spectroscopy shows that sRho undergoes an initial isomer-
ization from 11-cis -t all-trans, termed bathorhodopsin. Bathorhodopsin decays 
to subsequent photo intermediates within nanoseconds and arrives at a stable acid 
or alkaline metarhodopsin within milliseconds at room temperature [Sulkes, 1978]. 
The sRho to bathorhodopsin reaction has a quantum efficiency of 0.67 with a back 
reaction quantum efficiency of 0.36 [Suzuki, 1981]. The chromophore stores 1.5eV 
of energy, more than 60% of the incident photon energy, in the form of a steric 
hindrances and electrostatic/polarization effects that arise due to the initial 11-cis 
-t all-trans isomerization [Cooper, 1986]. It should be noted that the barrier for 
thermal isomerization of free retinal is less than this (1.08eV). The energy stored 
is drastically diminished by ~ during relaxation to metarhodopsin [Sekharan, 2011] . 
While in bathorhodopsin the energy stored was split evenly between steric hindrances 
and electrostatic/polarization effects, in metarhodopsin energy storage is dominated 
by electrostatic/ polarization effects [Sekharan, 20 11]. The decrease in retinal steric 
hindrance between bathorhodopsin and metarhodopsin can be seen in differences of 
the FTIR difference spectra at 80K (bathorhodpsin) versus 283K (metarhodopsin). 
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For example, the ethlynic stretching band is found at 1528cm-1 in bathorhodopsin 
and 1546cm-1 in metarhodopsin (see Figs 2.1 and 2.3). While both contain all-
trans retinal, the higher wavenumber band vibration reflects a shift in the maximum 
absorbance between the ground state and meta rhodopsin. With a hypothesized 
shift of 3nm for every 1cm-1 shift, this could lead to a shift in visible absorption of 
60nm [Aton, 1977). This large shift in the visible absorption derives from a large 
change in w- electron delocalization. During bathorhodopsin the all-trans retinal has 
a protonated Schiff base, while metarhodopsin has an unprotonated Schiff base. It 
has been shown in NMR analysis that the steric hindrances of retinal are partially 
due to the ,8-ionone ring undergoing a repositioning in the binding pocket as the 
protein undergoes backbone changes due to activation [Brown, 2010). The ,8-ionone 
ring causes torsional twisting around C10 - Cu = C12 - C13 bonds, which relaxes in the 
photo-stable state, metarhodopsin [Brown, 2010). The changes in the fingerprint 
region between the all-trans bathorhodopsin and all-trans metarhodopsin are likely 
due to these changes in torsional twisting. The FTIR spectra also show that be-
tween the ground state and bathorhodopsin at least one water molecule undergoes 
a change in hydrogen bonding (see Fig 2.5). The crystal structure of sRho shows 9 
water molecules in the interhelical cavity, 2 more than found in vRh ( [Murakami, 
2008), [Okada, 2002]). These water molecules form a long network of hydrogen bonds 
between the cytoplasmic side and the binding pocket. Experiments on a related 
species of squid, Todarodes pacificus, has shown 9 0-D stretching vibrations that 
change frequencies during photoisomerization, implicating all nine water molecules in 
having a role in the early photoreaction [Ota, 2006]. These water molecules, confined 
to an interhelical cavity, span the region from the retinal to the cytoplasmic side. 
Photo-activation induces conformational changes from the retinal to the cytoplasmic 
side mediated by changes in this water cluster. While the data presented within does 
not report 9 water molecules undergoing changes in hydrogen bonding, the experi-
ments presented were performed with H20. H20 FTIR spectra are characteristically 
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swamped by water vapor and low signal throughput due to the high IR absorption 
water. Thus, these waters may be undergoing bonding changes with photo-activation 
but cannot be discriminated over the high noise of the water region. To show that 
the bands found near 3600cm-1 were due to water isotopic labeling with both H~80 
and 2H20 was performed. H20 j2H20 exchange probes accessible hydrogen bonding 
groups revealing information about not only changes in hydrogen bonding due to wa-
ter molecules, but also due to groups such as 0-H, N-H and 8-H of accessible 
amino acids [Rath, 1998). FTIR difference spectroscopy using H20/H~80 exchange 
will downshift the frequency of 0-H stretch vibrations of water molecules experi-
encing a change in hydrogen bonding, protonation state or orientation [Rath, 1998). 
These changes are due to at least one or more water molecules found in the crystal 
structure. The upshift in frequency between the ground state and bathorhodopsin 
shows that the water molecule loses hydrogen bonding strength during the initial 
photo kinetics. The high frequency of this signature at 3606cm-1(+)/3597cm-1 (-) 
is also found in vRh at 3658cm-1(+)/3643cm-1 (-) [Rath, 1998). The 50cm-1 down-
shift between the vertebrate and invertebrate rhodopsin could mean that the water 
undergoing changes after photo-activation has a stronger hydrogen bond in inverte-
brate rhodopsins than it does in vertebrate rhodopsins. Furthermore, bands in this 
region are not found in data taken at room temperature, showing that while there 
are changes to water molecules between the ground state and bathorhodopsin, there 
are no changes in water molecules between the ground state and metarhodopsin. 
sRho metarhodopsin at room temperature serves as a pH indicator, changing color 
from red in neutral and acidic solutions to yellow in alkaline solutions. Acid meta 
and alkaline meta both contain all- trans retinal. The color shift seen as a function 
of pH is due to the dissociation of a single hydrogen ion from the Schiff base as well 
as the conformation of the Schiff base-Lys296 bond (see Fig 2.1, [Hubbard, 1958]). 
Invertebrate and vertebrate rhodopsins are strikingly different both in the signaling 
pathways they activate (Gq and Gt respectively) and their ability to regenerate 11-cis 
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retinal from all-trans retinal. MO shares more in common with sRho than it does 
with its vertebrate counterparts such as rod and cone opsins. For example, not only 
does it share a stronger sequence homology to squid rhodopsin ( 40% versus 30% for 
bovine rhodopsin), it is also a bistable pigment and signals through the Gq-coupled 
pathway [Provencio, 1998] . Since the availability of concentrated purified MO was 
not available during the course of study, sRho was studied to learn more about the 
conformational changes during the bistable cycle. In order to gain a larger under-
standing of how the results may compare to MO a second invertebrate opsin, sepia 
rhodopsin was compared to that of sRho. Sepia rhodopsin and sRho share a 90% 
sequence homology and show almost identical spectral characteristics. While MO 
shares only a 40% sequence homology with sRho it has already been shown that MO 
is bistable and undergoes a similar chromophore isomerization [Provencio, 2000]. 
Chapter 3 
FTIR analysis of Structural 
Changes in Internal Water 
Molecules in Microbial Rhodopsins 
Adapted from "Conformational Changes in the Archaerhodopsin-3 Proton Pump: 
Detection of Conserved Strongly Hydrogen Bonded Water Networks" - [Saint Clair, 
2012aj 
3.1 Introduction 
One of the most studied models of membrane protein ion transport , sensory functions 
and energy transduction is a member of t he archael rhodopsin family, BR ( [Stoeck-
enius, 1976], [Ihara, 1999], [Lanyi, 2004b]). BR has been extensively studied for 
almost half a century [Kushner, 1964], and more recently, studies utilizing FTIR 
spectroscopy [Rothschild, 1992] and X-ray crystallography ( [Lanyi, 2004a], [Lanyi, 
2004b]) have aided in determining t he molecular mechanisms the protein uses during 
photo activation. Despite the fervent research on BR, certain aspects , such as how 
light-induced isomerization of retinal leads to protein conformational changes and 
t he role of internal water molecules, still remain elusive [Nilsson, 1995] . BR internal 
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water molecules are integral to proper proton pumping. It has been shown that below 
80% humidity the kinetics and efficiency of the photocycle is diminished and below 
50% humidity BR is unable to pump a proton and has a severely slowed photocy-
cle [Dencher, 2000]. Internal water molecules are responsible for providing a proton 
pathway, proton donor and acceptor groups as well as aid in picosecond molecular 
motions and tertiary changes in the protein structure [Dencher, 2000]. Changes in 
internal waters have been shown as early as the primary photo-intermediate. During 
the isomerization from all-trans--+13-cis at least one water molecule undergoes an 
increase in hydrogen bonding strength, shown in the data as bands at 3544cm-1 ( - ) 
and 3636cm-1 ( +) [Fischer, 1994]. This signature was confirmed to be due to at 
least one water molecule due to an expected 12cm-1 downshift upon H20 /H~80 
exchange [Fischer, 1994]. The high frequency vibration of internal water is due 
to the restricted protein environment which breaks the symmetry between the two 
0-H groups. This splitting causes a wide shift in frequency between the hydro-
gen bonded 0-H group and the non-bonded 0-H group, termed a dangling 
hydrogen bond [Kandori, 2000]. Computational studies done on carbon nanotube 
confined water, where dangling hydrogen bonds are formed, indicate high frequency 
sharp spectral signatures, similar to those found and attributed to water in the BR 
spectrum [Weinwurm, 2011]. The stretching frequency of the dangling 0-H group 
is extremely sensitive to changes in local environment, with shifts of several hundred 
wavenumber upon the formation of a hydrogen bond [Shultz, 2012]. The sensitivity 
is due to the polarity and polarizability of the 0-H bond [Shultz, 2012]. This 
can be used to investigate the structure and dynamics of internal waters during the 
photocycle [Zundel, 1994]. The comparison of the changes in protonation and hy-
drogen bonding of internal waters between microbial rhodopsin species will elucidate 
functionally conserved mechanisms that rely on internal waters. AR3, a photoac-
tive protein found in Halorubrum sodomense was recently discovered to be of value 
to the optogenetic community due to its ability to be incorporated into the neu-
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ral membrane and act as a high performance genetically targetable optical neural 
silencer [Chow, 2010]. In addition, AR3 has been shown to alter its fluorescence ac-
cording to the transmembrane potential, first discovered by [Kralj , 2012] and studied 
in depth in chapter 5 of this thesis. AR3 and BR share a 75% sequence homology, 
with all key residues that have been implicated in BR proton pumping are conserved 
in AR3. While a crystal structure of AR3 does not currently exist, there are crystal 
structures for AR1 and AR2, which share over a 90% sequence homology with AR3 
( [Ihara, 1999], [Enami, 2006]). Unlike BR, a detailed proton pumping mechanism 
of AR3, as well as AR1 and AR2, is currently unknown. An FTIR difference spec-
troscopy comparison of AR3 and BR will yield information on the role of individual 
molecular groups during the AR3 photocycle, and in particular the role of internal 
water molecules through the investigation of the 0-H stretch region. The FTIR 
investigations done in this chapter show that BR and AR3 undergo similar struc-
tural changes, including the protonation/ deprotonation of Asp residues, during the 
photocycle. However, despite the similar structural changes, differences were found 
in the role of internal water molecules , found in the region above 3600cm-1 . These 
water molecules in BR have been attributed to weakly hydrogen bonded internal wa-
ters located near the retinal Schiff base on the cytoplasmic side. Broad continuum 
IR absorbance changes of BR and AR3 attributed to networks of strongly hydro-
gen bonded waters involved in proton transport, however, are conserved ( [Freier, 
2011], [Garczarek, 2006], [Garczarek, 2005]). In this chapter, specifically, we look at 
a comparison of the role of internal water molecules between BRand AR3. IN ad-
dition, we investigate the role internal water molecules play in SRII and SRII-Htrii. 
Furthermore, we discuss differences found in water molecules dependent on the lipid 
environments present around SRII or SRII-Htrii. 
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3.1.1 Internal Water Molecules in Microbial Rhodopsins such 
as BR 
The role of internal water molecules and Grotthiuss proton transport chains in aiding 
in proton translocation across membranes is of significant interest. BR in particular 
has been well studied, with the discovery of changes in internal water discovered 
by low temperature FTIR spectroscopy in the mid-1990s ( [Maeda, 1992], [Fischer, 
1993], [Fischer, 1994]). The approximate location of these waters was found via 
site directed mutagenesis, backed up later by X-ray crystallography studies on BR 
crystals ( [Maeda, 1992], [Luecke, 1999a], [Kouyama, 2003]). For example, upon mu-
tations to Asp85 in the active site near the retinal chromophore, a band at 3642cm- 1 
, shown to be an internal water through isotope labeling in BR, disappears ( [Fis-
cher, 1993], [Maeda, 1994]). FTIR difference spectra and QM/MM simulation show 
that W401 , part of the cluster of waters near the Schiff base, does not participate 
in hydrogen bonding and thus appearing as a dangling hydroxide at 3644cm-1 (-) 
in the FTIR spectra of the ground state ( [Garczarek, 2006], [Fischer, 1994]). Upon 
photo-activation the cluster of waters near the Schiff base (W401, W402 and W406) 
are replaced by W 401 which moves 1.9Ato the center of mass of the previous wa-
ter cluster and remains hydrogen bonded to Asp85 while creating a hydrogen bond 
with Asp212 [Luecke, 1999b]. Thus, the dangling hydroxide of W401 in the ground 
state is no longer present in the photo-activated M state. During this time, how-
ever, a new dangling water appears from the cytoplasmic side at 3671cm-1 ( +) and 
3660cm-1 ( +) [Garczarek, 2006]. This dangling water aids in the reprotonation path-
way between Asp96 and the Schiff base. It was also found that the intensities of the 
3671cm-1 and 3660cm- 1 bands vary with respect to each other between theM and N 
intermediates, showing that this band represents two water molecules altering their 
hydrogen bonding strength on the cytoplasmic side ( [Kandt, 2005], [Freier, 2011]). 
These internal water molecules play a crucial role in the ability for BR to function 
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properly. FTIR spectra have shown they participate in hydrogen bonding networks 
that create water clusters or pathways to stabilize the transfer of a proton from the 
cytoplasmic side to the extracellular side during a photocycle [Kandori, 2000] . 
3.1.2 Models of Proton Transport based on FTIR and X-ray 
crystallography 
Internal water molecules play an important role in the net transfer of a proton from 
the cytoplasmic side to the extracellular side of the protein during the photocycle. 
80p,S after photo isomerization of the retinal, a proton is transferred from the pro-
tonated Schiff base to the counter ion (Asp85). This is joined with a proton being 
released into the extracellular medium by the proton release group, a group made up 
of a protonated H50t Zundel complex stabilized through hydrogen bonds to Arg82, 
Asp194, Asp204, Tyr57, Tyr83 and Ser193 ( [Garczarek, 2005], [Spazzov, 2001]). 
Arg82 plays a pivotal role in the release of the proton to the extracellular medium 
as it separates two groups of water, the group of three waters near the Schiff base 
(W401, W402 and W406) and the group of water creating the Zundel cation [Gar-
czarek, 2005]. When Asp85 receives the proton from the Schiff base, Arg82 rotates 
down, merging the two water clusters and creating a Grotthuss-like pathway from 
Arg85 to the proton release group ( [Kandt, 2004], [Luecke, 1999a]). The creation 
of this pathway alters the stability of the H50t Zundel complex, shifting the equi-
librium to an energetically unfavorable H30+ cation that quickly deprotonates to 
the extracellular medium [Spazzov, 2001]. Uptake of a proton from the cytoplasmic 
side and the mechanism of the Schiff base reprotonation remains incomplete. Two 
water molecules, W501 and W502, separate the Schiff base from Asp96, the residue 
responsible for donating a proton to the Schiff base in the late photocycle ( (Gerw-
ert, 1989], [Rothschild, 1993]). In the ground state crystal structure [Luecke, 1999a], 
these two water molecules are not enough to create a Grotthus-type "proton wire" in 
the hydrophobic region spanning the Schiff base and Asp96 ( [Agmon, 1995], [Wolf, 
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2010]). X-ray crystal structures of photo intermediates, however, show changes in 
both the number of water molecules present in this channel as well as their locations. 
During the M and N intermediates, when the "proton wire" would need to form 
for reprotonation of the Schiff base, x-ray crystallographic structures show a tilt of 
the cytoplasmic end of helix F away from the protein center as well as changes in 
helix G ( [Luecke, 1999b], [Schobert, 2003]). These helix tilts cause some hydrophilic 
residues to shift by more than 1.5Apossibly allowing water molecules (W503 and 
W504) to migrate from bulk cytoplasmic water to the channel between Asp96 and 
the Schiff base creating a transient proton transfer chain ( [Luecke, 1999b], [Luecke, 
2000]). It has also been hypothesized that a third, highly mobile, water molecule is 
originally present in the cytoplasmic channel, unresolved by X-ray crystallography, 
that reorders itself to form the "proton wire" [Freier, 2011]. QM/MM simulations 
show that the later explanation is energetically favorable [Freier, 2011]. 
3.2 Materials and Methods 
3.2.1 Protein expression and purification 
Sensory Rhodopsin II and Sensory Rhodopsin 11-Htrll Preparation 
SRII and SRII-Htr encoded into E. coli cells was a generous gift of Dr. John Spudich 
(Center for Membrane Biology, University of Texas-Houston Medical School). The 
SRII-Htr protein was cleaved at site 157. E. coli was grown overnight in 4mL of 
LB media with 100J-Lg/mL Ampicillin added at 37°C. The E. coli cells were then 
transferred to a larger 1L volume of LB media with an Ampicillin concentration of 
100J-Lg/mL and grown at 37oC for 2 hours, until an OD A600 of 0.4 was reached. 
Protein expression was induced by adding lmM IPTG and 5fl,M all-trans retinal. 
Cells were allowed to express overnight at 22°C. Cells are harvested at 7,000rpm for 
15 minutes (Sorval RCB-8, Beckman Coulter, Danvers MA). Cells are resuspended 
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in sonication buffer (50mM TrisHCl pH 7.0, 5mM MgC12, 1mM PMSF), sonicated 
on ice for 1 minute 5 times, pelleted by centrifugation and resuspended in wash 
buffer (50mM K2HP04 , 300mM NaCl, 10mM imidazole, 1.5% octylglucoside, pH 
7.6). PMSF is added during the sonication step because the cells are not protease 
deficient. The pellet was then homogenized and incubated at 4°C for 45 minutes prior 
to centrifugation to separate protein suspended in octylglucoside from other cellular 
material. Washed Ni-NTA agarose beads (Qiagen) was added to the supernatant 
and incubated for at least 3 hours at 4°C on a rotary shaker. SRII or SRII-Htrii 
bound Ni-NTA beads were loaded on 3mL gravity flow chromatography columns and 
washed with wash buffer. Protein was eluted from the beads by adding 2mL elution 
buffer (50mM K2HP04 , 300mM NaCl, 250mM imidazole, 0.8% octylglucoside, pH 
7.6). E. coli polar lipids were added at a ratio of 1:10 (w /w) and incubated for 15 
minutes at 4oC prior to dialysis against a dialysis buffer (50mM K2HP04 , 300mM 
NaCl, pH 7.0) at 4°C for 48 hours, with changes to the dialysis buffer occurring every 
12 hours .. 
Archaerhodopsin 3 Preparation 
Protein expression and purification was done by Dr. Sergey Mamaev of the Molecular 
Biophysics Laboratory at Boston University. Briefly, the gene for AR3, a gift from 
Dr. Ed Boyden (MIT), was cloned into the pet28b vector (EMD Biosciences) and 
checked by sequencing. AR3 was expressed and purified from E. coli strain BL21. 
E. coli was grown in 1L of LB media with 100mg/mL kanamycin to an OD ).600 
of 0.4. All-trans retinal (5J.LM) and IPTG inducer (0.5mM) were added and cells 
continued to grow/express for 3.5 hours in the dark at 32°C. Cells were harvested 
by centrifugation and resuspended in sonication buffer (50 mM Tris, 2 mM MgC12 
at pH 7.3). Cells were then sonicated for 5 minutes 3 times on ice. The lysate was 
pelleted by centrifugation and resuspended in dialysis buffer (50 mM K2HP04 , 300 
mM NaCl pH 7.0) with 1.5% octylglucoside and 5mM imidazole. This mixture was 
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homogenized and centrifuged. Washed Ni-NTA agarose beads (Qiagen) was added to 
the supernatant and incubated on ice and a rotary shaker for 1 hour. AR3 bound Ni-
NTA beads were loaded into 3mL disposable columns and washed with 2mL dialysis 
buffer with 1.5% octylglucoside and 5mM imidazole. AR3 was eluted from the beads 
with 1mL dialysis buffer with 1% octylglucoside and 250mM imidazole. Purified AR3 
was reconstituted in E. coli polar lipids (Avanti, Alabaster AL) at a 1:10 protein to 
lipid ( w jw) ratio. 
Lipid Preparation 
E. Coli polar lipids (A vanti, Alabaster, Alabama) were initially dissolved in chlo-
roform. Lipids were dried under argon and resuspended in dialysis buffer with 1% 
octylglucoside and sonicated on ice. The final lipid-purified protein solution was 
incubated for 1 hour on ice prior to overnight dialysis. Samples were stored at 4°C. 
3.2.2 FTIR difference spectroscopy 
Protein samples used for low temperature FTIR spectroscopy used approximately 
200j.Lg of purified, reconstituted protein. Samples were deposited on a CaF 2 window 
and dried under a stream of argon. Samples were rehydrated via the vapor phase with 
H20 (or H~80 if specified). The sample was sealed between an 0-ring and secondary 
CaF2 window and mounted on a liquid nitrogen cryostat holder (ARS Cryo Helitran 
LT-3). The mounted sample was aligned in the beam path and cooled to 80K. Light 
was incident on the sample until the sample temperature fell below 273K, trapping 
the light adapted room temperature state to avoid trapping of photo intermediates. 
Once thermally stable at 80K the sample was illuminated with filtered blue light 
( 415< ,\ <500nm) from a Dolan-Jener light source (Woburn, MA). After 5 minutes 
of illumination an FTIR spectrum of 1000 scans was recorded at 4cm-1 resolution 
using a Bio-Rad FTS-60A spectrometer (Bio-Rad, Digilab Division, Cambridge MA) 
equipped with a liquid nitrogen cooled HgCdTe detector. The sample was then 
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illuminated with filtered orange light (570< A <800nm) for 5 minutes and a second 
spectrum of 1000 scans was recorded. This second spectrum was subtracted from 
the first spectrum and yielded an FTIR difference spectrum. At least 20 such cycles 
of blue-orange light were averaged together to increase the signal to noise ratio. 
Additionally, all experiments were performed on at least 2 independent samples. 
In addition to spectra taken at 80K, investigating the ground to K intermediate, 
spectra were also taken at 230, 240 and 250K utilizing similar procedures. Samples 
at higher temperatures were illuminated with yellow light (550nm broad band filter) 
for the acquisition of 1000 scans and allowed to decay in the dark for 5 minutes 
prior to the second set of 1000 scans being taken. This dark-yellow sequence was 
repeated up to 50 times, with the FTIR difference spectra averaged together to 
improve the signal to noise ratio. Furthermore, complete thermal decay of the M or 
N intermediate back to the AR3 ground state was checked by examining subsequent 
dark scans for spectral characteristics. It was found that the decay back to the 
ground state was complete within 5 minutes. During comparison of FTIR spectra, 
spectra are scaled using the negative retinal C-C stretching bands near 1200cm-1 . 
This ensures that the relative intensity of the water bands appropriately reflects the 
same number of molecules undergoing photo conversion and takes into consideration 
sample inconsistencies such as sample thickness or expression concentration. 
3.3 Effects of Transducer Interactions on the Struc-
ture of Internal Waters in SRII during Initial 
Photo Activation 
Internal water molecules play a critical role in the function of membrane proteins and 
have been implicated in both proton pumping mechanisms like BR and G-protein 
activators like sRho ( [Garczarek, 2006], [Murakami, 2008]). Studies were done on 
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the photoactive membrane protein SRII. SRII has a transducer, Htrii that attaches 
to SRII via electrostatic interactions on the surface of the proteins. The SRII-Htrii 
complex mediates blue light repellent phototaxis, while SRII alone acts as a proton 
pump similar to, but much slower than, BR. When SRII binds to Htrii the Schiff 
base proton acceptor, Asp73, becomes protonated, preventing SRII from pumping a 
proton [Kandori, 2001b]. The charged active pocket around the Schiff base is sta-
bilized by internal water molecules, as shown by FTIR and crystallographic studies 
on BR ( [Luecke, 1999a], [Kandori, 2000]). In addition, low temperature FTIR stud-
ies on SRII have shown similar hydrogen bonding changes of internal waters during 
the initial photocycle as compared to BR [Kandori, 2001b]. It was found that the 
stretching frequencies of the bound internal waters for SRII was higher than that of 
BR, indicating a distorted pentagonal structure as confirmed by X-ray crystallog-
raphy ( [Kandori, 2001b], [Luecke, 2001]). Water molecules at the interface region 
between SRII and its transducer Htrii have been shown to play a role in stability of 
the complex, and furthermore, a single mutation to an amino acid residue forming a 
hydrogen bond between SRII and Htrii (Tyr199) alters bands in the time resolved 
FTIR spectrum in the water region [Bergo, 2010]. Thus the water affected by this 
mutation potentially plays a role in transferring the light induced signal from SRII to 
Htrii [Bergo, 2010]. SRII transfers a light induced signal to Htrii through steric con-
straints around the C14 carbon of the retinal chromophore [Ito, 2008] . In this model 
of signal transduction the C14 group of the isomerized retinal is hindered by Thr204, 
strongly perturbing the hydrogen bonds Thr204 has with both Leu200 and Tyr 17 4 
which ultimately perturbs the hydrogen bond between Tyr199 of SRII and Asn74 of 
the cognate transducer Htrii ([Ito, 2008], see figure 3.1). Changes in the bonding en-
vironment of Thr 204 upon binding of Htr II to SRII has been shown previously [Sudo, 
2003]. In this study strong hydrogen bonding 0-H stretching vibrations are seen 
at 3479cm- 1 (- )and 3369cm- 1 (+)only when Htrii is present. Upon inspection of 
various mutations it was found that this vibration is not due to the 0-H stretch 
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of Tyr199, the amino acid that binds SRII to Htrii [Sudo, 2003]. Instead, this vibra-
tion was assigned to Thr204 even though the hydrogen bonding environment around 
Thr204 is similar in both SRII and SRII-Htrii suggesting that the interaction of 
SRII with Htrii propagates further into SRII than just the initial hydrogen bonding 
site of Tyr199 [Sudo, 2003]. It is likely that these steric changes affect the hydrogen 
bonding environment of nearby internal water molecules, of which there are a few 
in the crystal structure. The binding of the Htrii transducer to the external surface 
Tyrl99 
Figure 3.1: Crystal structure of SRII-Htrii highlighting key residues hypothesized 
to be relevant in signal transduction through steric constraints. 
of SRII affects the role of water molecules present in the internal binding pocket of 
the retinal chromophore. Based on the crystallographic structure, there is approxi-
mately 15Abetween the retinal and the location of the Tyr199-Asp73 hydrogen bond 
that interfaces SRII with its cognate transducer Htrii ( [Moukhametzianov, 2006], 
PDB data file 2F93). This is much larger than the approximately 4Asepan:i.ting the 
retinal from nearby internal water residues shown to be active in SRII FTIR differ-
ence spectra, however, this distance is bridged by Thr204. FTIR difference spectra 
taken at 80K probing the ground to K transition show broad similarities in the 
1800cm- 1 - 800cm- 1 region, indicating that the retinal conformation and isomeriza-
tion is similar between SRII and SRII-Htrii, both undergoing an all-trans ~ 13-cis 
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chromophore isomerization as expected ( [Moukhametzianov, 2006], see figure 3. 2). 
Several internal water molecules that form a water cluster in the SRII active site are 
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Figure 3.2: FTIR difference spectra of SRII (red, top) and SRII-Htr (blue, bottom) 
at 80K in the 1800cm- 1 - 800cm- 1 fingerprint region. Negative bands arise from 
the ground state vibrations while positive bands arise from vibrations in the K 
intermediate. 
altered during the early photocycle for both SRII alone and SRII complexed with 
its cognate transducer, Htrii. A comparison of the high frequency, weakly hydrogen 
bonded water region shows differences between SRII and SRII-Htrii indicating that 
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the presence of the transducer alters the environment of structurally active internal 
waters. Specifically, a positive band arising at 3654cm-1 in SRII is shifted up to 
3657cm-1 in SRII-Htrii at 84K (see figure 3.3). These bands shift appropriately 
upon H~80 substitution, showing that they are due to exchangeable water molecules 
in the retinal binding pocket. The water responsible for this band is in a more weakly 
hydrogen bonded environment during the initial photo intermediate. This could po-
tentially be due to the changes of hydrogen bonds surrounding Thr204 during the 
photocycle upon complexation of SRII with Htrii. This change in hydrogen bonding 
environment continues at higher temperatures (see figure 3.4) , indicating that the 
presence of the Htrii transducer alters the environment of structurally active internal 
water molecules in both the dark state, the early K intermediate and later photo 
intermediates. The crystal structure of SRII-Htrii indicates the presence of a wa-
ter molecule near Thr204 (W312). The changes in bonding environment during the 
photo cycle for Thr204 in SRII-Htrii but not in SRII alone would likewise affect the 
hydrogen bonding environment of W312, altering the FTIR bands present between 
SRII and SRII-Htrii as shown here. 
3.3.1 Effect of Lipid Environment on Internal Waters 
SRII and SRII-Htrii are natively found in Halobacterium salinarium. Work done 
on SRII and SRII-Htrii, however, are typically done on proteins grown and purified 
into reconstituted E. coli polar lipids due to the availability of material and tech-
niques [Mironova, 2005]. While SRII and SRII-Htrii functionally fold into the E. coli 
polar lipid vesicles, it is possible that the lipid environment effects the mechanism 
of the photo cycle. It has been shown via FTIR spectroscopy that the protein con-
formational changes during photo activation induce changes in a few lipid molecules 
of the bilayer [Isele, 2000]. The conditions of cell growth between native haloarchael 
cells and E. coli are drastically different, from salt concentration and pH to mem-
brane structure. The ability of haloarcheal membrane proteins to be functionally 
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Figure 3.3: FTIR difference spectra of SRII (top, red) and SRII-Htr (bottom, blue) 
at 80K in the high frequency water region. Negative bands arise from the ground 
state vibrations while positive bands arise from vibrations in the K intermediate. 
Dashed red and blue lines correspond to H~80 labeled samples for SRII and SRII-
Htrii respectively. 
expressed in E. coli cells is not straight forward. In fact , the expression of BR in E. 
coli leads to only a small fraction (1 %-2%) binding retinal due to the inability to fold 
into the correct conformation found in H. Halobium [Karnik, 1990b]. There are four 
structural characteristic changes between archael lipids and bacterial lipids: stereo 
structure, ether linkages, isoprenoid hydrocarbon chains and bipolar tetraether cores 
( [Koga, 2007], see figure 3.5). These changes can affect permeability and phase 
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Figure 3.4: FTIR difference spectra of SRII (top, red) and SRII-Htr (bottom, blue) 
at room temperature in the high frequency water region. Negative bands arise from 
the ground state vibrations while positive bands arise from vibrations in the K 
intermediate. Dashed red and blue lines correspond to H~80 labeled samples for 
SRII and SRII-Htrii respectively 
behavior of the lipid [Koga, 2007]. Surprisingly, however, studies have shown that 
the photochemical properties of SRII expressed in native cells ( N atronobacterium 
pharaonis) and E. coli cells are similar [Shimono, 1998]. In fact, FTIR difference 
spectroscopy of the 1800cm-1 -800cm-1 region indicates changes of the retinal con-
formation are similar for SRII expressed in E. coli cells or in H. halobium cells 
during the initial photoreaction (see figure 3.6). FTIR studies done on the initial 
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Figure 3.5: Characteristics of archaeal lipids (top) and bacterial lipids (bottom) 
showing the differences in the hydrocarbon chain and hydrophilic head groups. [Koga, 
2007] 
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Figure 3.6: Comparison of FTIR difference spectra of SRII reconstituted in: A. 
Native lipids (H. salinarum, green) and B. E. coli polar lipids (blue). Data is taken 
at 80K and represents the dark state (negative peaks) and the K state (positive 
peaks). Spectra acquired at 4cm- 1 resolution, spectrum of native lipids acquired by 
Vlad Bergo. 
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photo intermediate (K), show that while the lipid environment does not significantly 
affect the chromophore conformation or isomerization, it does affect vibrations in the 
weakly hydrogen bonded water region for both SRII and SRII-Htrll. Bands appear 
at 3654cm-1 in SRII and 3656cm- 1 in SRII-Htrll expressed in H. halobium which 
are not present in spectra of SRII or SRII-Htrll samples purified from E. coli (see fig-
ures 3. 7 and 3.8). Protein-protein interactions, such as the interactions of SRII with 
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Figure 3. 7: Comparison of FTIR difference spectra of SRII reconstituted in: A. 
Native lipids (H. salinarum, green) and B. E. coli polar lipids (blue). Data is taken 
at 80K and represents the dark state (negative peaks) and the K state (positive 
peaks) . Spectra acquired at 4cm- 1 , spectrum of native lipids acquired by Vlad 
Bergo. 
Htrll depend on certain factors mediated by the lipid environment , such as mem-
brane docking the the two dimensional diffusion of membrane proteins in the lipid 
bilayer [Isele , 2000] . FTIR studies have shown that the lipid environment is altered 
during photo activation, seen as a set of bands at 1744cm- 1 (+)and 1727cm-1 (- ) 
t hat shift or disappear when the protein is put in a different lipid environment [Isele, 
2000]. In addition, it has been shown that the hydrophobicity of the nearby lipid 
environment reduces the amount of hydrogen bonding to local water [Isele, 2000]. 
The nearby lipid and water to the protein plays an essential role in proton pumping 
in that they compensate for structural changes that the protein undergoes during 
photo activation [Jang, 2004]. In different lipids the extent of compensation could 
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Figure 3.8: Comparison of FTIR difference spectra of SRII reconstituted in: A. 
Native lipids (H. salinarum, green) and B. E. coli polar lipids (blue). Data is taken 
at 80K and represents the dark state (negative peaks) and the K state (positive 
peaks). Spectra acquired at 4cm- 1 , spectrum of native lipids acquired by Vlad 
Bergo. 
be altered, even if just by hydrogen bonding to nearby waters, which would be seen 
in FTIR difference spectra. Thus, the appearance of another water molecule under-
going changes in environment, as seen in both SRII and SRII-Htrii , based on the 
lipid environment is entirely possible. The location of the water molecule producing 
the band at 3654cm-1 in SRII and 3656cm- 1 in SRII-Htrii is unknown. Due to its 
appearance in only native H. salinarium lipids and seen in the early photo inter-
mediate, K , it is possible that this water resides on the cytoplasmic side near the 
proton release complex. 
3.4 Comparison of Structural Changes in Weakly 
Hydrogen Bonded Internal Waters of BR and 
AR3 
Significant differences in FTIR bands previously assigned to weakly hydrogen bonded 
internal waters are seen between BRand AR3 (above 3600cm- 1 ). In BR the decay 
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of the K intermediate is blocked at SOK ( [Maeda, 1992], [Fischer, 1994]), providing a 
method for the BR----tK early photo reaction to be investigated. As seen in figure 3.9 
bands in BR due to weakly hydrogen bonded internal waters appear at 3642(-)cm-1 , 
3636( + )cm-1 and 3625cm-1 . These bands experience isotope induced downshifts of 
10-13cm-1 upon H20 /H~80 substitution. BRand AR3 show significant similarities 
in the region between 1800cm-1 -SOOcm-1 , characteristic of the retinal conformation. 
The high frequency negative peak in AR3, however, is shifted almost 15cm-1 (from 
3642cm-1 in BR to 3657cm-1 in AR3). This shift to increased wavenumber shows an 
even weaker hydrogen bonding environment of an internal dangling hydroxyl group. 
Interestingly, the positive band in AR3 appears to show a minimal shift as compared 
to BR (from 3636cm-1 in BR to 3638cm-1 in AR3) showing that once the protein 
reaches the early K intermediate a similar hydrogen bonding environment between 
BR and AR3 has been achieved. H~80 isotope exchange was done to definitively 
assign these bands to internal water molecules, and an expected 12cm-1 downshift is 
seen (see figure 3.9). This small difference in the internal water environment in the 
ground state is magnified in the M and N intermediates, where much larger differ-
ences are found between BRand AR3. [Fischer, 1994] has previously reported bands 
at 3671( + )cm-1 , 3655( + )cm-1 and 3642(-)cm-1 in BR. Despite the strong sequence 
similarity between BRand AR3 however, no such positive bands are detected above 
3600cm-1 in AR3 at 230K or 240K. At 230K AR3 is predominantly trapped in theM 
intermediate, at 240K this becomes a mixture of the M and N intermediates based 
on the structure of bands below 1800cm-1 . A small broad negative band is detected 
in AR3, which may possibly resolve into two individual bands near 3655cm- 1 and 
3642cm-1 . The high frequency of the 3655cm-1 band in AR3 (at 3642cm-1 in BR) 
indicates a weaker hydrogen bonding environment. The weakness of these bands in 
the water region was confirmed by experiments measuring the time resolved FTIR 
spectrum at 5°C for both AR3 and BR (work performed by John I. Ogren). In BR, 
bands previously mentioned were clearly detected (3670( + )cm-1 , 3656( + )cm-1 and 
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Figure 3.9: FTIR difference spectra of BR, AR3 and AR3 wit h H~80 in t he region of 
weakly hydrogen bonded internal waters at 80K. Negative bands arise from ground 
state vibrations while posit ive bands arise from vibrations in the K intermediate. Y-
axis t ick marks correspond to a ,6.0 D = 0.5mOD for the AR3 difference spectrum 
3642(- )cm-1 ), while similar bands were not detected in AR3. 
3.4.1 Water Structure changes in the Initial Photoreaction 
While AR3 and BR share many similarities in their FTIR spectra at 80K, during the 
init ial photo reaction t hese similarities do not extend to t he hydrogen bonding envi-
ronment of internal waters in t he active retinal chromophore pocket, or to internal 
waters in general. In BRa band at 3642cm- 1 has been previously assigned to W401, 
a water that according to crystal structures, contains a dangling hydrogen bond and 
forms a pentagonal hydrogen bonding structure with nearby waters and amino acid 
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Figure 3.10: FTIR difference spectra of BRand AR3 in the region of weakly hydrogen 
bonded internal waters at 230K and 240K. Negative bands arise from ground state 
vibrations while positive bands arise from vibrations in the M (230K) and N (240K) 
intermediates. 
residues ( [Garczarek, 2006], [Fischer, 1994]). The data presented on AR3 shows a 
shift in this FTIR band by 15cm-1 to high wavenumber. This weaker bond in AR3 
indicates that if the pentagonal arrangement of hydrogen bonds in BR also exists in 
AR3 then the analog to W 401 in AR3 must be in a different environment resulting 
in weaker hydrogen bonding for the light adapted ground state. Crystal structures 
of AR2 show the format ion of a pentagonal structure, although their positions are 
altered from BR, most likely leading to different hydrogen bonding strengths [Enami, 
2006]. The structure of AR3 , however has not been solved. 
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Figure 3.11: Time resolved FTIR difference spectra of AR3 WT in H2 0 , AR3 
WT in H~80 and BR in H20 at 5°C. AR3 WT spectra are taken at pH 7 while BR 
spectra are taken at pH 9. Blue spectra represent the early time average representing 
predominantly the M intermediate (Oms to 40ms) while red spectra are of the late 
time average representing the N intermediate ( 60ms to several hundred ms) Work 
was performed by John I. Ogren 
3.4.2 Water Structure Changes During the M and N Inter-
mediates 
Differences between BR and AR3 in the water region, specifically the absence of 
bands at 3670cm-1 and 3655cm-1 in AR3, suggest that differences exist in the 
mechanism that reprotonates the Schiff base. In a recent paper by [Freier , 2011], 
it is hypothesized that three internal water molecules rearrange to form a transient 
Grotthuss-type proton transfer chain. This chain enables the transport of a proton 
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from the cytoplasmic side to the Schiff base when the protein is in a specific inter-
mediate conformation. The high frequency bands in the M and N intermediates of 
BR have been assigned to two of the three water molecules in this chain, W501a 
and W50lb. The work done on AR3 shows that if such a chain of internal water 
molecules exists in AR3, they do not give rise to high frequency bands associated 
with weakly hydrogen bonded waters containing dangling hydroxides [Freier, 2011]. 
3.5 Discovery of Highly Conserved Strongly Hy-
drogen Bonded Networks in AR3 and BR 
In contrast to changes found between AR3 and BR in the high frequency, weakly 
hydrogen bonded region, a high degree of similarity was seen in broad IR continuum 
bands found below 3000cm-1 preciously assigned to networks of strongly hydrogen 
bonded waters [Garczarek, 2005]. For example, in the region between 2500cm-1 
- 1800cm-1 a broad IR continuum is observed in the formation of M for BR. AR3 
shows a similar absorbance pattern indicating that there are similarities between the 
use of water between BR and AR3. The broad band continuum has been shown 
to agree with a Zundel cation, H20t, and is associated with the formation of a 
proton release complex created between internal waters near residues Glu204 and 
Glu194 [Garczarek, 2005]. Similarly, a broad positive band in the FTIR difference 
spectra of the M and N intermediates of both AR3 and BR show a broad positive 
band appearing at 2570cm-1 . This has previously been assigned to a chain of three 
hydrogen bonded waters that are hypothesized to reprotonate the Schiff base upon 
formation of the N intermediate [Freier, 2011] . 
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3.6 BR and AR3 conformational changes: Evi-
dence for differences in the deprotonation of 
Asp/Glu residues 
Overall, the FTIR difference spectrum of BR and AR3 are very similar, specifically 
in the retinal fingerprint region of 1800cm-1 - 800cm-1 . Bands at 1761cm-1 in BR 
have been attributed to the C = 0 stretching mode of Asp85, arising in the M inter-
mediate when a proton is transferred from the Schiff base to Asp85 [Bousche, 1991]. 
A similar band was detected in AR3 at 1765cm-1 for theM intermediate. This band 
downshifts to 1755cm-1 in BR and 1760cm-1 in AR3 as the photocycle progresses 
into the N intermediate as the environment around Asp85 changes. Additionally, in 
the N intermediate of BR a negative band appears at 1739cm-1 due to the trans-
fer of a proton from Asp96 to the retinal Schiff base [Bousche, 1991]. A similar 
deprotonation occurs in AR3 evidenced by a FTIR difference band at 1742cm-1 . 
This band, however, is broader than that found in BR, indicating the possibility of 
a second deprotonatable Asp or Glu residue undergoing deprotonation in addition 
to Asp 96. This indicates the mechanism of reprotonation of the retinal Schiff base 
could be different between AR3 and BR. 
3.7 Conformational changes and how they apply 
to the AR3 proton pumping mechanism 
Figure 3.12 shows that the retinal chromophore in AR3, like BR, undergoes and ini-
tial isomerization from all-trans ---+ 13-cis. The largest spectral signature in the FTIR 
difference spectrum is a(-)/(+) feature at 1530cm-1 (- )and 1520cm-1 (+)assigned 
to the C = C stretching vibrations of the retinal chromophore in the initial state 
(all-trans) and early photo intermediate, K (13-cis). The initial C=C stretching 
frequency in AR3 is slightly higher than that of BR (1529cm-1 ) corresponding to a 
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Figure 3.12: FTIR difference spectra of BR and AR3 in the 1800cm- 1 - 800cm- 1 
retinal fingerprint at 80K. Negative bands arise from ground state vibrations while 
positive bands arise from vibrations in the K intermediate. Y-axis tick marks corre-
spond to a 6.0 D = 4m0 D for the AR3 difference spectrum 
small blue shift in the Amax absorption [Aton, 1977]. The C = C stretching frequency 
of the K intermediate is 6cm -l higher in AR3 than it is for BR, indicating a Amax 
shift of up to 30nm. The larger shift in the K intermediate of AR3 is potentially 
due to relaxation of the intermediate at lower temperatures than found in BR. This 
is supported by the fact that FTIR difference spectra of BR experience a similar 
upshift in the C=C stretch at a higher temperature [Rothschild, 1985]. Signifi-
cant negative bands found in the AR3 spectrum appear at 1253cm-1 , 1215cm-1 
, 1200cm-1 and 1167cm- 1 match closely to those previously assigned by resonance 
Raman spectroscopy to the all- trans retinal conformation of BR, confirming the all-
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trans initial retinal conformation (1255cm-1 , 1216cm-1 , 1202cm-1 , and 1169cm-1 
- [Rothschild, 1984]). The initial isomerization to 13-cis is evidenced by a positive 
band at 1193cm-1 in AR3, found at 1194cm-1 in BRand previously assigned to the 
13-cis stretching vibration [Smith, 1987]. Methyl rock and hydrogen-out-of-plane 
vibrations also arise at similar frequencies for AR3 and BR furthering the evidence 
for a strikingly similar chromophore environment in both BR and AR3. These sim-
ilarities extend past the early photo kinetics of the K intermediate and into the M 
and N intermediates as well (see figure 3.13). Mutagenesis and isotopic labeling 
studies on BR have provided information on the interactions taking place during the 
M and N intermediates [Braiman, 1991] such as deprotonation of Asp96 [Bousche, 
1991] during the M----+N transition and protonation of Asp96 and deprotonation of 
Asp85 and Asp212 in the N----+0 transition [Bousche, 1992]. While all the significant 
interactions characteristic of the BR----+M and BR----+N transitions are similar for AR3, 
one difference is that AR3 tends to build up large amounts of the N intermediate 
at 250K as compared to BR. Thus, to adequately compare AR3 and BR in the N 
intermediate the BR FTIR spectrum was acquired at a higher pH (pH 9) to push 
BR predominantly into the N intermediate at 250K. During the transition from 
M ----+ N the retinal Schiff base becomes protonated, which drastically increases the 
intensity of the C- C stretching mode of the 13-cis conformation. An increase in 
the 1555cm- 1 band is due to the C=C ethlynic stretching mode combined with an 
amide II mode while the appearance of a negative band at 1669cm-1 is likely due 
to conformational changes of the tertiary protein structure. Small changes between 
BRand AR3 are found in the Amide I region, evidenced from a 2cm- 1 shift between 
AR3 (1669cm-1 ) and BR (1667cm- 1 ) could potentially be attributed to the change 
in lipid environment between BR ( H aloarchael lipids) and AR3 (E. coli polar lipids). 
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Figure 3.13: FTIR difference spectra of AR3 (top) and BR (bottom) in the 1800cm-1 
-800cm- 1 retinal fingerprint at 250K (red) and 230K (blue). Negative bands arise 
from ground state vibrations while positive bands arise from vibrations in the M 
(blue) and N (red) intermediates respectively. Y-axis tick marks correspond to a 
6.0 D = 4m0 D for the AR3 difference spectrum 
3.8 Conclusions 
Internal waters mediate the transfer of a proton from the Schiff base to the extra-
cellular side during each photocycle for many photoactive proteins. This chapter 
investigated the effects of water for SRII, SRII-Htrii, BR and AR3. Interestingly 
differences were found in the local environment of hydrogen bonding of internal wa-
ters between SRII and SRII-Htr as evidenced by a small down shifted frequency 
from 3657cm- 1 in SRII to 3654cm-1 in SRII-Htr. While it had been known that 
the presence of the cognate transducer Htrii alters the hydrogen bonds of Thr204 
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as evidenced by FTIR difference spectroscopy (this change was attributed to water 
molecules between the protein complex) changes in the hydrogen bonding geome-
try of the internal retinal binding pocket had not previously been reported [Sudo, 
2003]. Furthermore, this study on SRII and SRII-Htr shows that the lipid environ-
ment affects the role of water molecules during the photo cycle, with an additional 
FTIR band present when spectroscopic studies were performed on SRII or SRII-
Htrii in their native Haloarchael lipids. We also investigated the role of internal 
water molecules to the pumping mechanism of the recently found AR3 protein used 
in optogenetics. We found that while the chromophore isomerization is strikingly 
similar between BR and AR3, the similarities cease upon investigation of the hydro-
gen bonding environment surrounding the retinal chromophore. These differences 
appear in the early photo cycle kinetics with a shift in the strength of the hydro-
gen bonds in the ground state and first intermediate as evidenced by two peaks at 
3657cm-1 (-)and 3638cm-1 in AR3 but three peaks at 3642cm-1 (-), 3623cm-1 (+) 
and 3636cm-1 ( +) in BR. This shows that the pentagonal hydrogen bonding present 
in BR involving two amino acid residues, the retinal and three water molecules dif-
fers in AR3. Furthermore, these differences become even greater as the photo cycle 
continues into the later intermediates M and N. Where BR shows at least two wa-
ter molecules undergoing changes in hydrogen bonding during this intermediate as 
evidenced by bands at 3671cm-1 ( + ), 3655cm-1 ( +) and 3642cm-1 ( - ), AR3 shows 
no such changes. Thus, while the overall photo cycle kinetics are remarkably similar 
between BRand AR3, the role of internal water molecules between BRand AR3 is 
remarkably different. 
Chapter 4 
Near-IR RRS Study of the BR and 
AR3 in native and lipid bilayer 
membranes 
Portions of this chapter are adapted from "Archaerhodopsin-3 Studied by Near-IR 
Resonance Raman Spectroscopy: Effects of Transmembrane Potential" - [Saint Clair, 
2012b} 
4.1 Introduction 
In 1979, Francis Crick described three key methods to investigate the workings of the 
conscious. He called first for a method to stain all connections to a single neuron. In 
addition, he called for a method to activate or deactivate the single neuron as well as 
a way to stain the neuron to show it apart from other nearby neurons [Crick, 1979]. 
More than three decades later the scientific community is finally finding effective 
ways to perform each of these tasks, and a recently discovered photo active protein, 
AR3, is showing promise for two of the three tools that Crick called for. AR3 is of 
interest to the optogenetic community due to its ability to incorporate in the neural 
membrane [Chow, 2010]. The fact that AR3 readily incorporates into the lipid mem-
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brane of E. Coli polar lipids makes the AR3 system more robust and readily studied. 
By acting as a light driven outwardly directed proton pump, AR3 hyperpolarizes the 
cell membrane and thus acts as a genetically targetable optical neural silencer. In 
addition, AR3 has been shown to sense the transmembrane potential through small 
changes in the fluorescent emission [Kralj , 2012]. Thus, AR3 adds significantly to 
the abilities to control, study and monitor neural activity and brain function. How-
ever, an understanding of the molecular mechanisms used in AR3 during the proton 
pumping cycle is necessary to engineer mutant AR3 conforming to desired traits such 
as visible absorption, photo cycle dynamics and voltage response. BR and AR3 share 
over a 75% sequence homology with key residues such as transmembrane Asp, Glu 
and Arg residues, previously implicated in proper proton pumping abilities in BR, 
conserved. However, it is possible that the order of proton pumping intermediates is 
altered between BR and AR3, especially since recent studies on AR4, demonstrating 
an 84% homology with AR3, reverses the order of proton release and uptake found 
in BR at neutral pH [Ming, 2006]. In addition, the known crystal structures of AR1 
and AR2 show that although they are highly homologous to each other (90%), large 
structural differences are detected [Enami, 2006]. For example, the proton release 
channel of AR2 is open while that of AR1 is closed. Small differences in the length of 
the ,8-sheets connecting the transmembrane a helices as well as small differences in 
the length of a helices between AR1 and AR2 lead to a variety of functional differ-
ences [Enami, 2006]. When looking at the overall protein, however, many important 
residues, such as the aromatic residues that stabilize the retinal chromophore in the 
binding pocket and the proton acceptor group, AR1, AR2 and BR are very similar. 
Thus, without a crystal structure of AR3 it is not possible to know how the protein 
works, even with such a high homology with BR. 
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4.1.1 Importance of using near-IR in order to avoid driving 
rhodopsin photocycle 
The use of resonance Raman spectroscopy allows vibrational measurements of the 
retinal chromophore while reducing the contributions from the protein and lipid en-
vironment. By choosing a Raman probe beam far enough from the visible absorption 
of the protein one can prevent driving the photo cycle, making the use of spinning 
cell flow apparatus unnecessary. Laser excitation of Raman vibrations studies in 
this thesis utilizes 785nm, far enough to the red of the 565nm visible absorption of 
AR3 to prevent photo-excitation but close enough to be in pre-resonance with the 
retinal chromophore. Pre-resonance of the retinal chromophore has previously been 
demonstrated as far red as 1060nm for BR [Rath, 1993a]. The Raman lipid spec-
trum is due primarily to hydrocarbon chain vibrations, specifically C-H bending 
modes (1440cm-1 for CH2 , 1460cm-1 for CH3 ), C-H twisting modes (1296cm-1 
) and C-H stretching modes (3100cm-1 -2800cm-1 ) [Petersen, 2009]. While the 
lipid environment certainly contributes to the Raman spectrum, the fact that the 
lipid vibrations are not resonantly enhanced, while those of the retinal chromophore 
are, leads to orders of magnitude larger signal coming from the retinal chromophore, 
essentially preventing the detection of lipid vibrations . 
4.2 Materials and Methods 
4.2.1 Protein expression and purification 
The method for expression, purification and reconstitution of AR3 in E. coli polar 
lipids was described in the Materials and Methods section of Chapter 3. BR was 
purified by previous students of the Molecular Biophysics Laboratory according to 
the literature [Oesterhelt, 1974]. Briefly, Halobacterium halobium cells are grown in 
a large lOL culture of sterilized complex medium (250g NaCl, 20g MgS04 7H20, 3g 
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citrate, 2g KCl and lOg Oxoid Bacteriological Peptone). The culture is allowed to 
grow in a shaker at 39°C and stirred at 200rpm with fluorescent lights on. After 
1 week the cells are isolated by centrifugation, lysed with 5mg DNase and dialyzed 
overnight in a low salt medium (O.lM NaCl). The lysate is centrifuged collecting the 
purple-red pellet. This process of dialysis and centrifugation is repeated until the 
supernatant is colorless. The final pellet is then floated on a linear 30-50% sucrose 
gradient for 17 hours. The purple band is collected and washed with deionized water 
and centrifuged to remove the remaining sucrose. 
4.2.2 Resonance Raman spectroscopy 
For experiments presented in this chapter approximately 20f-tg of AR3 reconstituted 
in E. coli polar lipids or BR were pelleted in wash buffer (5mM NaH2P04 , lOmM 
NaCl, lOmM Mes/Tris) adjusted to pH values between 3 and 11. The protein was 
pelleted for 5 minutes at 15,000 rpm (D2012, Sci Logex, Berlin CT). The pellet was 
then inserted into a quartz square capillary via small volume 20~-LL pipette (0.5mm 
ID, Wale Apparatus, Hellertown PA). To prevent evaporation the quartz capillary 
was cut approximately 1-2cm from the sample on each side and sealed with Critoseal 
(Leica Microsystems, Buffalo Grove IL). The water content of the pellet was high 
enough to fully hydrate the membranes during the course of measurements. Raman 
spectra were obtained using a Bruker Senterra confocal microscope. Raman spectra 
were acquired at 785nm laser excitation with a 20x objective and 3-5cm-1 resolution. 
A laser power of lOOmW (40mW at the sample) is used to probe the vibrational 
states of the retinal chromophore. Investigation of the RRS spectra shows that this 
illumination was sufficient to light adapt the AR3 samples. Raman scattered light is 
collected through the 20x objective and dispersed onto a CCD (iDus,Andor, South 
Windsor CT). To improve the signal to noise ratio spectra were integrated over a 
150 second period followed by 60 seconds in the dark for 4-6 hours. To remove the 
fluorescent background produced by the quartz capillary a spectrum of an empty 
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quartz capillary was subtracted from the sample spectra. 
4.2.3 UV-Visible spectroscopy 
Visible absorption measurements of AR3 and BR we done on a Cary 6000 spec-
trometer (Agiltent Technologies, Santa Clara, CA) equipped with an internal diffuse 
reflectance accessory (Internal DRA 900) used to collect light scattered from the 
lipid membranes and direct it into the detector. Membranes were suspended in 
run buffer previously used in BR titration experiments (5mM citric acid, 5mM Mes, 
5mM Mops, 5mM Theine, 5mM Ches, 5mM Caps, 150mM NaCl) [Balashov, 1996]. 
Samples were placed in a quartz cuvette at room temperature and left in the dark for 
60 minutes prior to measuring the UV Visible spectra at varying pH values. Sample 
pH was measured with a digital meter (Orion 410Aplus, Thermo Fischer Scientific, 
Logan UT) before and after spectrum acquisition, with the result averaged. Between 
scans 0.5pLof HCl or NaOH was added to adjust the pH in a controlled manner. Af-
ter acquisition of spectra across the pH range of 3-12 a singular value decomposition 
(SCVD) analysis was done through Matlab and a pH titration curve was created 
(programming done by John I Ogren). 
4.3 Results and Discussion 
4.3.1 RRS studies of the chromophore conformation of AR3 
- A Striking similarity to BR 
Resonance Raman studies on AR3 and BR under identical conditions shows that 
the retinal chromophore structure and Schiff base hydrogen bonding environment 
is similar for AR3 and BR (see figure 4.1). Many bands in the resonance Raman 
spectrum of BR have been previously assigned by isotope labeled retinal regenerated 
in BR to normal mode vibrations of the retinal chromophore conformation ( [Smith, 
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1987], [Smith, 1985a]). The largest band in the resonance Raman spectrum of AR3 
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Figure 4.1: Resonance Raman spectra for AR3 and BR acquired at pH 7 with 
100mW 785nm laser excitation and 3-5cm - 1 resolution 
appears at 1527cm-1 , just 1cm- 1 shifted from the larges band found in the BR spec-
trum and attributed to the C = C symmetric stretching ethlynic vibration [Lewis, 
1974]. The small change in frequency of the ethlynic vibration in AR3 is also found 
in low temperature and t ime resolved FTIR experiments previously reported (see 
Figures 3.12 and 3.13) and indicates that AR3 maximum absorption (..\max) will be 
blue shifted by approximately 3nm according to an empirical inverse relationship 
between ethlynic stretching frequency and maximum absorption [Aton, 1977]. This 
agrees with the visible absorption maximum (..\max) found for AR3 at 565nm, which 
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is 5nm to the blue of BR that absorbs maximally at 570nm (see Figure 4.2). Two 
other Archaerhodopsins show a similarly large absorption blue shift from BR; AR2 
and AR4 which also absorb at 565nm. Interestingly, both AR2 and AR4 contain a 
specific amino acid substitution, exchanging Met145 in BR with Phe. This substitu-
tion is not found in AR1, which has a Amax of 568nm, closer to that of BR ( [Ihara, 
1994], [Ming, 2006]). [Ihara, 1994] showed that upon the mutation Met145-+Phe in 
BR produces a lOnm blue shift in the maximum absorption. The substitution, which 
is near the ,8-ionone ring of the retinal chromophore alters the size of the side chain 
and affects the retinal isomerization and dark adaptation, ultimately affecting the 
visible absorption. AR3, however, does not contain the Met145-+Phe substitution, 
and thus, unlike AR2 and AR4, this cannot be the cause of the shift in visible absorp-
tion. There is a neighboring substitution between BRand AR3 where Ala144 in BR is 
replaced with a much bulkier Cys residue. This residue is also expected to be located 
in the retinal binding pocket near the ,8-ionone ring of the chromophore, potentially 
being a similar culprit to the blue shifted maximum absorption as found in AR2 
and AR4. The fingerprint region of the resonance Raman spectra between 1300cm-1 
- 1150cm-1 reflects the C-C stretching mode of the retinal chromophore. This 
region is sensitive to the configuration of single and double bonds along the polyene 
chain. In BR the 1169cm-1 band has been assigned to the localized C10 - C11 stretch 
while the 1201cm-1 band is due to the C14 -C15 stretch. Stretching modes for the 
C8 -C9 appear at 1214cm-1 in BR ( [Smith, 1987], [Smith, 1985a]). Through the 
analysis of band frequencies, [Smith, 1985a] were able to show that in the ground 
state,BR contained an all-trans retinal chromophore. The AR3 spectrum in this re-
gion aligns well with that of BR for both H20 and 2H20 hydrated samples, showing 
that the retinal chromophore structure of light adapted AR3 is nearly identical to 
that of BR. The agreement between the chromophore structure between AR3 and 
BR extend into the llOOcm- 1 - 900cm- 1 region indicative of the C-CH3 methyl 
rock and hydrogen-out-of-plane modes (HOOP), where AR3 shows C-CH3 methyl 
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Figure 4.2: UV Visible spectroscopy of AR3 and BR 
rock at 1006cm-1 , just 1cm-1 lower than that found in BR, while the HOOP mode 
for AR3 and BR are identical. 
4.3.2 Evidence for similar hydrogen bond strengths of the 
Schiff base 
The resonance Raman band found at 1641cm-1 in AR3 (see Figure 4.1) is close 
to that assigned to the C = N stretching mode of the protonated Schiff base in BR 
(found at 1639cm-1 ).· This assignment is confirmed by H20 j2H20 exchange, leading 
to a 20cm-1 downshift in the band frequency (see Figure 4.1, bottom traces). This 
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corresponds to a similar 17cm-1 downshift of the band seen in BR. The magnitude 
of the frequency shift of the band upon H20 j2H20 exchange correlates with the 
strength of the hydrogen bonding of the Schiff base proton ( [Lewis, 1974], [Baasov, 
1987]) . Thus, the larger shift seen in AR3 shows that the proton is more strongly 
hydrogen bound to the Schiff base than it is in BR. This increase in hydrogen bond 
strength of the proton would increase the 1r-electron mobility along the retinal chain 
and could potentially also account for the blue shifted maximum absorption. This 
change in hydrogen bonding strength of the proton to the Schiff base could be due 
to changes of the internal water molecules residing near the Schiff base as shown in 
Chapter 3 of this thesis [Saint Clair, 2012a]. 
4.3.3 Evidence for stability of the AR3 chromophore struc-
ture over wide pH range 
The similarities in chromophore structure applies not only at neutral pH but also 
across a spectrum of pH values spanning from pH 3 to pH 11 (see Figures 4.3 and 
4.4). BR has a known absorption blue shift at pH values below 3 known as "acid 
blue" [Rath, 1993b]. This blue shift is due to the protonation of the counter ion, 
Asp85 (Asp95 in AR3) , and is also seen in AR3 at pH 3 by a downshift in the ethlynic 
frequency from 1527cm-1 to 1515cm- 1 (1527cm-1 to 1513cm-1 in BR). This shift 
in ethlynic predicts a shift in the visible absorption by approximately 36nm based 
on the point charge model [Nakanishi, 1980] which is seen in experiment by an 
absorption of 603nm, shifted 33nm from the neutral pH absorption of 570nm [Varo, 
1989] . This, not only is the chromophore structure of AR3 strikingly similar to 
BR, but the pKa of the Schiff base counter ion is also similar. This is not true 
for other Archaerhodopsins, this transition has been reported to occur at pH 5 for 
AR2 [Mukohata, 1991] and pH 3.5 in AR4 [Ming, 2006] . 
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Figure 4.3: AR3 reconstituted in E. Coli polar lipids at various pH values taken at 
3-5cm-1 resolution. Asterisks indicate anomalous CCD readings. 
4.3.4 Detection of the acid-to-blue transition and similarity 
of pKa to BR 
The pKa of the acid blue transition of BRand AR3 can be detected through UV 
Visible spectroscopy and singular value decomposition (SVD) of a spectral set over a 
range of pH (for review see [Hendler, 1994]). While it is possible to perform SVD on 
Raman spectra, the complexity of peaks in the Raman spectra requires a significant 
sample size at varying pH values to produce a reliable result. The broad absorption 
maximum for UV Visible spectroscopy however, allows the detection of this transi-
tion. SVD analysis is based on the idea that a when mixture of different species, or 
components, is present, each spectrum can be considered a sum of the contributions 
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Figure 4.4: BR lysed cells at various pH values taken at 3-5cm-1 resolution. Asterisks 
indicate anomalous CCD readings 
due to each chromophore. By acquiring a multitude of spectra across a range of pH 
vales one is able to create a matrix, A(..\ , pHi), with the rows containing the spec-
tral information for a specific pH value. Thus the rows contain information of the 
species titration, while the columns contain information on the spectral components 
at a specific pH value. Thus , the matrix can be separated into a matrix containing 
the orthonormal basis spectra, U, a matrix of the associated eigenvalues, S and a 
matrix of the pH dependence of the basis spectra, V (see Equation 4.1). 
A(..\ , pHi)= usv' (4.1) 
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The Henderson-Hasselbalch equation describes the manner in which the pH changes 
(see Equation 4.2) and thus can be used to describe how the matrix A changes (see 
Equation 4.3, [Turner, 1993], [Zimanyi, 1999])m where hj(>.) are the spectra changes 
associated with then observed transitions [Turner, 1993]. 
A-
pH= pKa + log(HA) 
N hj()..) 
A(>., pHi)= L 1 + lQPKa-PHi + ho(>.) 
j=l 
( 4.2) 
(4.3) 
The second species seen in the pH titration series is the acid-blue species. At neutral 
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Figure 4.5: AR3 wild type in E. coli polar lipids across a range of pH values. The 
data is fit with the Henderson-Hasselbalch equation to yield a pKa of 2.5 
pH Asp95 in AR3 is deprotonated (Asp85 in BR), ready to accept the proton from the 
protonated Schiff base and signal to the proton release complex to release a proton 
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Figure 4_6: BR wild type in E. coli polar lipids across a range of pH values. The 
data is fit with the Henderson-Hasselbalch equation to yield a pKa of 2.6 
to the extracellular medium. As the pH is decreased, however, Asp95 becomes 
protonated, this happens at pH= 2.6 for BRas previously reported [Subramaniam, 
1990 ]. This new species is red shifted and unable to translocate a proton across the 
membrane when activated with light. AR3 exhibits a similar transition leading to 
a red shifted species at pH = 2.5 (see Figures 4.6 and 4.5) . Thus not only is the 
chromophore configuration similar between BRand AR3, but the protonation state of 
the counter ion is also similar. The protonation state of Asp85 in BR has been shown 
to be important to the re-isomerization of the chromophore to all-trans [Balashov, 
1996]. 
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4.3.5 Effects of lipid composition 
Measurements were performed on AR3 in three lipid environments at neutral pH; E. 
coli polar lipids, dodecylmaltoside and H. Halobium lipids. We find that the lipid 
environment around the membrane protein does not affect the retinal configuration 
in the binding pocket. Figure 4. 7 shows the Schiff base C = N vibration arises 
at 1641cm-1 for all t hree lipid environments. Thus the hydrogen bonding of the 
proton to the Schiff base is not altered by the lipid environment. Similarly the 
C=C ethlynic stretching frequency is seen at 1528cm-1 for all samples. This paired 
with a comparable fingerprint region between the thee samples with major bands at 
1213cm-1 , 1200cm-1 and 1166cm- 1 indicate that the retinal is in the all- trans 
conformation in all lipid environments. 
4.3.6 Detection of dark-adaptation in AR3 
When reconstituted in H. Halorubium lipids a shoulder at 1537cm-1 appears and is 
paired with a decrease in the intensity of the band at 1213cm- 1 (see Figure 4.7). A 
similar set of features is found in dark adapted BR, where the ethlynic stretching 
band is found at 1537cm-1 with a decrease in the band at 1214cm-1 [Massig, 1984] . 
In the dark, BR consists of a mixture containing an all- trans chromophore P·max = 
570nm) and a 13-cis chromophore (>-max = 548nm). The shift in visible absorption 
corresponds to the shift in the ethlynic frequency from 1528cm- 1 to 1537cm-1 . 
Further evident of the presence of dark adapted AR3 in the spectrum obtained in H. 
Halorubium lipids is the band width of the Schiff base 1641cm-1 vibration. For dark 
adapted BR the Schiff base vibration shifts slightly from 1641cm-1 to 1637cm-1 due 
to the position of the hydrogen between BR570 and BR£,~, changing from and anti 
to syn position [Massig, 1984]. Thus, it appears that when reconstituted in native 
lipids the laser wavelength and power are not enough to keep the sample fully light 
adapted, indicating that the process of dark adaption in native lipids happens more 
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Figure 4.7: AR3 wild type reconstituted in E. coli polar lipids (red) , dodecylmalto-
side (green) and H. Halobium lipids (blue). Spectra were acquired under identical 
conditions with 785nm, lOOmW incident laser light recording at 3-5cm-1 resolution. 
quickly t han in E. coli polar lipids or dodecylmaltoside. FTIR spectra acquired at 
250K and 230K supplement the information found in the RRS spectra (see Figure 
4.8). At 250K in H. Halorubium lipids AR3 shows a band in the ethlynic region at 
1534cm-1 not found in its E. coli polar lipid counterpart. The spectra presented 
for AR3 in H. Halorubium lipids are a mixture of AR3565 --+ M + AR3DA. Thus, 
while many spectral features are similar between the two lipid environments, features 
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previously contributed to BR£,* appear in the spectrum or AR3 in H. Halorubium 
lipids [Bagley, 1982]. 
-. 
0 
0 
<J 
............. 
Q) 
(.) 
c 
ro 
..c 
"-
0 (/) 
..c 
<( 
0 
(!) 
1"-
"" l,() 1"-
..--
I 
l,() 
(!) 
1"-
1800 
ro 
l,() 
l,() 
..-
I 
1600 1400 
ro 
(J)~ 
0..--
N I 
1200 
Wavenumber (cm-1 ) 
AR3ECPL 
--AR3 HH Lipids 
250K 
230K 
1000 800 
Figure 4.8: FTIR spectra of AR3 wild type expressed in E. coli polar lipids (blue) and 
H. Halorubium lipids (red) at 250K (top traces) and 230K (bottom traces). Samples 
were treated identically and illuminated with 505nm light , 1000 FTIR scans were 
acquired and then the sample rested in the dark for 5 minutes, followed by 1000 
FTIR scans. The spectral resolution is 4cm-1 . 
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4.4 Conclusion 
BR is a well-studied membrane protein that senses light and uses that signal to 
pump protons across the lipid membrane. While much is known about the pumping 
mechanism and photocycle, little is known about AR3, a protein that shows immense 
promise for the ontogenetic community as a fluorescent indicator of voltage potential 
and as a neural silencer ( [Kralj, 2012], [Kralj , 2008]). AR3 is unique from BR in 
the fact that AR3 readily incorporates into the neural membrane, making optoge-
netic studies with AR3 possible. While AR3 and BR share a significant sequence 
homology, this does not mean that their proton pumping mechanisms are the same. 
For example, AR4, which also shares a strong homology with AR3 and BR exhibits 
reversed proton mechanisms [Ming, 2006]. Thus, one of the goals of this chapter is 
to investigate and compare AR3 wild type with BR. We have found that AR3 and 
BR share a strikingly similar chromophore conformation in the light adapted state. 
BRand AR3 share a 75% sequence homology, with residues implicated as important 
to proper proton pumping, such as the counter ion Asp85, proton donor Asp96 and 
residues stabilizing the ,8-ionone ring of the retinal chromophore in BR conserved. 
One change in the sequence, however is the substitution of Ala144 in BR with Cys154 
in AR3. Cys is a bulkier residue than Ala, with implications to color tuning due to 
its close proximity to the ,8-ionone ring. In fact, it is possible that this is the cause 
of the 5nm blue shift in maximum absorption found by UV-Visible spectroscopy and 
confirmed by a shift in the ethlynic stretching frequency of lcm-1 . Another possi-
bility for the blue shift is small changes in the internal water environment , as shown 
between BRand AR3 in Chapter 3 [Saint Clair, 2012a]. In addition to a small shift 
in the ethlynic frequency, H2 0 / 2H20 exchange experiments have shown that the 
hydrogen bonding between the Schiff base and the proton is strengthened in AR3. 
This stronger bond to a point charge would also shift the visible absorption. 
Chapter 5 
Effect of membrane potential on 
AR3 photocycle in living cells 
detected by RRS 
Portions of this chapter are adapted from "Archaerhodopsin-3 Studied by Near-IR 
Resonance Raman Spectroscopy: Effects of Transmembrane Potential" - [Saint Clair, 
2012b} 
5.1 Introduction 
Optogenetics has been rapidly evolving over the past five years. In 2007 the first pa-
per was published showing the use of light activated GPCRs for non-invasive control 
of the neural membrane potential [Herlitze, 2007]. Since then papers have reported 
the use of GPCR light gated ion channels for fast neural activation and targeted 
neural silencing [Chow, 2010] in Caenorhabditis elegans [Guo, 2009] as well as pri-
mates [Diester, 2011]. This rapidly evolving field is interested in custom engineering 
light activated rhodopsin proteins to have specific properties such as easy expression 
in neural plasma membranes and the ability to activate or silence the neural activ-
ity with light. Recently, AR3 has been shown to be capable of integrating into the 
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neural plasma membrane and acting as an efficient neural silencer and fluorescent 
indicator of membrane potential [Kralj, 2012]. The ability to optically monitor the 
membrane potential fills a major void in the optical toolkit currently used in optical 
neuroscience studies - giving researchers the ability to trigger, silence and monitor 
neural activity. 
5.1.1 Use of AR3 and variant D95N as a fluorescent voltage 
indicator in living cells including neurons 
A highly desired tool for the optogentic community is the ability to optically im-
age neurons. The ability to monitor neurons optically instead of electrically allows 
simultaneous measurements from a variety of areas, giving a fuller picture of how 
individual neurons are interacting with each other [Homma, 2009]. Currently this 
imaging is done using a variety of available voltage indicators. Small molecules, 
protein-dye systems and fluorescent proteins have all been used to monitor the mem-
brane potential, each with their own downside such as phototoxicity or the injection 
of harmful dyes (see section 1.1.2 [Homma, 2009], [Tsutsui, 2008], [Bradley, 2009]). 
Recently, however, Adam Cohen's group out of Harvard has shown the ability to 
probe electrical spiking of the membrane potential in intact E. Coli with a non-
invasive microbial rhodopsin protein that modulates its fluorescence according to 
the membrane voltage [Kralj, 2011]. It has been known that the application of an 
electrical field to BR films has the ability to protonate or deprotonate the Schiff base 
of the BR D85N mutant. This forced deprotonation shifts the absorption maximum 
200nm to the blue. Thus, one can control the protonation state of the Schiff base, 
and thus the maximum absorption, via an applied electric field [Kolodner, 1996]. 
Studies have shown that AR3 acts as a fluorescent voltage indicator, allowing one 
group to image the electrical signals of a neuron firing [Kralj, 2012]. The nature and 
cause of the voltage modulated fluorescence, however, has not been identified. To aid 
in the engineering of desirable fluorescent membrane potential markers we must first 
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understand the mechanism of the voltage dependent fluorescence. In this chapter, I 
present data showing that an AR3 variant, AR3 D95N, acts as a fluorescent indicator 
of membrane potential. In the mutant AR3 D95N the Schiff base proton acceptor is 
neutralized, preventing the transfer of a proton during the initial photocycle stages. 
Thus, unlike wild type AR3 that pumps a proton during the photocycle, ultimately 
silencing the neuron - AR3 D95N does not show the ability to pump a proton. In this 
way AR3 D95N is able to act as a monitor of membrane potential without altering 
the membrane potential in the process. 
5.2 Materials and Methods 
5. 2.1 Protein expression and purification 
The method for expression, purification and reconstitution of AR3 D95N in E. coli 
polar lipids was described in the Materials and Methods section of Chapter 3. 
5.2.2 Near-IR Resonance Raman Spectroscopy 
Purified AR3 D95N reconstituted in E. coli lipids was pelleted in wash buffer (5mM 
NaH2P04 , lOmM NaCl, lOmM Mes/Ths) adjusted to pH values between 1.5 and 
11. The solution was pelleted by centrifugation at 15,000 rpm (D2012 , Sci Logex, 
Berlin CT) for 5 minutes. The supernatant was discarded and the fully hydrated pro-
tein pellet was inserted into a quartz square capillary via small volume 20f-lL pipette 
(0.5mm ID, Wale Apparatus, Hellertown PA) and sealed on both ends with Critoseal 
(Leica Microsystems, Buffalo Grove IL) . Resonance Raman spectra of whole, intact 
E. coli cells (strain BL21(DE3)) expressing AR3 D95N were pelleted from the growth 
medium through centrifugation at 3,000 rpm for 10 minutes (Avanti JB, Beckman 
Coulter, Brea CA). The cell pellet was resuspended in M9 buffer (Sigma Aldrich, 
St Louis MO) at either pH 7 or pH 9. The cells were pelleted by centrifugation at 
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14,000 rpm for 10 minutes. The supernatant was discarded and the cell pellet was in-
serted into a quartz square capillary. For experiments utilizing CCCP, the M9 buffer 
contained 5J.LM during the wash stage. For experiments involving sonication, cells 
were sonicated on ice in M9 pH adjusted buffer for 3 cycles of 1 minute sonication, 
1 minute rest on ice. Raman spectra were acquired in a dark at room temperature 
on a Bruker Senterra confocal Raman microscope (Olympus BX51M) equipped with 
a 20x objective using a 100mW , 785nm diode laser unless otherwise stated. The 
incident power at the sample stage was measured with an Ophir laser power meter 
(Ophir Photonics, North Logan UT) and found to be 40% of the laser head power 
across the range of 100mW to 1mW. The Raman spectra were taken at a resolution 
of 3-5cm-1 and scattered light was dispersed and recorded onto a CCD (Andor, iDus, 
South Windsor CT). To obtain quality spectra with high signal to noise spectra were 
acquired for a period of 120 seconds. To prevent photo-excitation, the sample then 
rested in the dark for 1 minute , with this cycle repeated for 4-6 hours. The exper-
iment was also performed on a blank capillary to subtract signal from the quartz 
capillary. 
5.3 Results and Discussion 
5.3.1 RRS measurements on D95N reconstituted into lipid 
bilayer membranes from pH 1.5-11: discovery of an 
N -like intermediate under photo stationary state con-
ditions 
AR3 D95N, like the BR analogous mutant D85N, shows visible absorption red shifted 
to 590nm . In BR D85N raising the pH pushes the protein into an N and M-like 
intermediate, with a pKa of 8.8, below the pKa the equilibrium shifts to an 0-like 
species [Dunach, 1990]. A similar effect is also seen in AR3 D95N (see Figure 5.1) 
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with a calculated pKa of 8.3. The shift to an M-like form is due to the forced 
deprotonation of the Schiff base. To investigate the effects of pH on the retinal 
AR3 D95N pH Titration (pKa - 8.3) 
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Figure 5.1: AR3 D95N in E. coli polar lipids across a range of pH values. The data 
is fit with the Henderson-Hasselbalch equation to yield a pKa of 2.5 
configuration a series of resonance Raman spectra were taken of AR3 D95N between 
pH 1.5 and 11. At pH 7 the spectra show a C=C symmetric stretching ethlynic 
vibration at 1518cm-1 , shifted 9cm-1 from that found in wild type AR3 (1527cm-1 , 
see Figure 4.1). This is expected from the shift in visible absorption and a previously 
shown relationship between the ethlynic stretching frequency and visible absorption 
max. Figure 5.2 shows how the resonance Raman spectrum of AR3 D95N evolves as a 
function of pH. At increasingly high pH values changes in the 1300cm-1 - llOOcm-1 
fingerprint C-C stretch region are seen. For example, the band at 1185cm-1 
increases in intensity relative to neighboring bands at 1168cm-1 and 1199cm-1 . In 
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Figure 5.2: AR3 D95N reconstituted in E. Coli polar lipids at various pH values 
taken at 3-5cm-1 resolution. Asterisks indicate anomalous CCD readings. 
addition, a shoulder beings to grow in at 1527cm-1 , which ultimately dominates the 
ethlynic vibration at pH 10. As the pH continues to rise a second and third band in 
the ethlynic region increase (1547cm-1 and 1567cm- 1 respectively). Past studies on 
wild type BR indicate that these changes in the 1185cm-1 and 1547cm-1 bands are 
similar to those found for the 13-cis N-intermediate [Fodor, 1988]. The 1567cm-1 
band is characteristic of theM-intermediate in BR [Deng, 1985]. Due to the lack of 
a protonated state in the M-intermediate, the 785nm laser does not resonate with 
the chromophore at such a high level as is seen for intermediates with protonated 
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Schiff bases (like N and 0) . Thus, it is likely that the portion of the sample in the 
M-intermediate is a much higher concentration relative to the N-intermediate like 
species. To determine if the effect seen was due to photo-excitation of the sample by 
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Figure 5.3: AR3 D95N reconstituted in E. Coli polar lipids at pH 10 taken at 3-
5cm-1 resolution. Asterisks indicate anomalous CCD readings. 
the 785nm laser light or if we were seeing pH induced changes in the chromophore 
conformation resonance Raman spectra were recorded of AR3 D95N at pH 10 with 
a low excitation laser power of 1mW (see Figure 5.3). A significant reduction in 
the bands indicative of the N-like intermediate at 1527cm-1 and 1185cm-1 is seen 
at low power, leaving bands similar to those found of the all-trans 0-intermediate. 
Thus the majority of theN-like 13-cis species found at high pH in AR3 D95N is due 
to a slowly decaying red light driven photocycle intermediate excited by the probing 
785nm laser. A similar effect is seen in BR D85N upon reduction of the 785nm laser 
power (see Figure 5.4). 
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1800 1600 1400 1200 1000 800 
Figure 5.4: BR D85N reconstituted in Halobacterium halobium lipids at pH 10 taken 
at 3-5cm-1 resolution. Asterisks indicate anomalous CCD readings. 
5.3.2 RRS measurements on D95N in live E. coli cells - dis-
covery of effect of transmembrane electrochemical po-
tential 
Previous studies have shown that AR3 wild type undergo a change in fluorescence 
upon depolarization of a firing neuron [Kralj, 2012]. We investigated the effects of 
membrane potential on AR3 D95N via resonance Raman spectroscopy. We found 
that in suspensions of intact E. coli cells in M9 buffer at pH9 at 100 m W Raman 
laser radiation the accumulation of the N-like intermediate found in E. coli polar 
lipids is reduced. In fact, the phenotype at pH 9 in intact cells mimics the spectra 
recorded between pH 7 and 8, consistent with the regulated internal pH of 7.6 for E. 
coli [Booth, 1985] . Specifically, the 1527cm-1 and 1185cm-1 bands used to assign the 
N-like intermediate in E. coli polar lipids were much weaker. Interestingly, when the 
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membrane potential was dissipated theN-like intermediate is again discerned in the 
spectra (see Figure 5.5). For reference a spectrum of AR3 D95N cells were grown but 
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Figure 5.5: AR3 D95N at pH9 reconstituted into E. coli polar lipids and measured in 
situ in E. coli cells with and without CCCP or sonicated. All spectra were recorded 
using 100 m W 785nm excitation. Lower trace shows RRS of non-expressing E. coli 
(i.e. not expressing AR3) 
not expressed (ie they contained no AR3 D95N protein) and studied. This bottom 
trace in Figure 5.5 is a control to show what bands are attributable to the whole 
cells themselves. Non-resonant bands are present in this spectrum at 1003cm-1 , 
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1157cm-1 , 1461cm-1 and 1575cm-1 , which correlate to that previously reported in 
the literature [Xie, 2003]. The vicinity of the 1575cm-1 band in whole non-expressing 
cells with respect to the band found at 1567cm-1 in E. coli polar lipids due to the 
M intermediate makes it difficult to detect any accumulation of the M intermediate 
in the whole E. coli cells expressing AR3 D95N. It is, in general, difficult to dissipate 
the transmembrane pH gradient and thus the transmembrane potential due to the 
inability for protons or other cations to permeate through the lipid bilayer [Booth, 
1985]. Thus, to probe the effect of the transmembrane potential on the resonance 
Raman spectra we performed two experiments. The first was to sonicate the cells, 
bursting the vesicles and preventing a transmembrane potential to be formed. The 
second was through a common uncoupler, an ionophore called Carbonyl cyanide m-
chlorophenyl hydrazone ( CCCP). CCCP acts as a proton conductor preventing the 
formation of an electrical potential across the membrane and has been used previously 
in experiments involving E. coli( [Swanson, 1979], [Yamamoto, 1981]). To check that 
the restoration of the N-like intermediate is in fact tied to the membrane potential 
in a reproducible manner, sets of measurements were made of E. coli intact cells, 
sonicated cell and cells treated with CCCP (see Figure 5.6). The ratio of intensities 
the 1185cm-1 /1268cm-1 and 1527cm-1 /1517cm-1 bands in the fingerprint and 
ethlynic region was taken over a large set of spectra. For samples containing CCCP 
the 1185cm-1 /1268cm-1 ratio was found to be 0.91±0.04, significantly higher than 
that of samples without CCCP (0.72±0.09). A similar statistically distinct intensity 
profile was found in the ethlynic region, with the ratio of the 1527cm-1 /1517cm-1 
bands in CCCP found to be 0.91±0.03, while only 0.78±0.09 in untreated cells. 
These changes as a function of membrane potential are not seen in AR3 WT (see 
Figure 5.7), this is likely due to the lack of accumulation of the N intermediate at 
higher pH. It has been shown previously that E. coli cells are able to maintain 
a relatively normal electrochemical gradient even if the extra cellular pH is raised, 
compensating by altering the membrane potential [Zilberstein, 1984]. 
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Figure 5.6: A sample of spectra acquired during the course of this study. Intact E. 
coli cells (red top traces), sonicated cells (blue middle traces) and intact cells with 
CCCP (green bottom traces) all acquired at pH 9 with lOOm W laser radiation. 
5.4 Conclusion 
This chapter focuses on the chromophore structure of AR3 D95N across a range of 
pH values both in lipid vesicles and in vivo. AR3 has already been shown to be very 
useful to the optogenetic community, functioning as a highly light sensitive neural 
silencer. AR3 D95N adds an additional tool for use in the optogenetic community due 
to its ability to fl.uorescently monitor the membrane potential without depolarizing 
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Figure 5.7: AR3 wild type in intact E. coli cells at pH 7 (top traces) and pH 9 
(bottom traces) with and without the addition of CCCP. 
or hyper-polarizing neural cells. One drawback to AR3 D95N is that is has a slower 
recovery time than that of AR3 (41ms versus sub millisecond [Kralj, 2012]). However, 
it has been shown that AR3 D95N is still capable of resolving individual action 
potentials [Kralj, 2012] and has a order of magnitude increased sensitivity and speed 
over other protein-based voltage indicators [Kralj, 2011]. A related archaerhodopsin, 
ArchT from Halorubium strain TP009 [Han, 2011] has an amino acid sequence that 
differs from AR3 but just 12 amino acids (see Figure 5.8). Resonance Raman studies 
of the chromophore of ArchT as a function of pH could yield an improved in vivo 
fluorescent sensor of membrane potential. 
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Figure 5.8: Amino acid sequence of AR3 wild type. Alterations of amino acids 
between AR3 and ArchT are shown in purple, with the amino acid of AR3 first, 
followed by the amino acid found in ArchT. 
5.4.1 Cytoplasmic Channel Model of voltage regulation of 
fluorescence in AR3 and implications for other micro-
bial rhodopsins 
An important and interesting property of both AR3 and AR3 D95N is the abil-
ity of the protein to monitor voltage changes through fluorescence [Ming, 2006]. 
UV-Vis studies monitoring the maximum visible absorption while applying voltage 
across a film containing BR D85N shows that the protonation or deprotonation of 
the Schiff base can be controlled by regulating the voltage. The study found that 
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the optical shift was not small, but instead on the order of 190nm (from Amax = 
410nm to Amax = 600nm ) matching the absorption of the M and N intermedi-
ates respectively [Kolodner, 1996]. It has also been shown that in AR3 the Schiff 
base deprotonates only with an increased negative potential when it is accessible to 
the cytoplasm [Kralj , 2011]. It is our hypothesis that the modulation of the flu-
orescence as a function of voltage arises from an equilibrium between the M and 
N-like intermediates containing a 13-cis retinal conformation, which are enhanced 
in the red-light photocycle of AR3 D95N. Both the M and N 13-cis intermedi-
ates have a Schiff base accessible from the cytoplasmic side (similar to that of BR 
as shown in [Tittor, 1994]). Interestingly, the red-light photocycle of AR3 D95N 
is a reversal to that of the late photocycle in BR wild type in that it goes from 
oall-trans ~ Nl3- cis ~ Ml3-cis . The equilibrium between Nl3-cis and Ml3-cis is 
shifted by the thermal decay of N 13-cis to oall-trans preventing the net transfer of 
a proton across the membrane [Tittor, 1994]. In the analogous BR D85N mutant 
it is possible for a second blue photon to be absorbed by the M 13-cis intermediate, 
which would isomerize the retinal giving an Mall-trans. This allows the reformation 
of the oau-trans intermediate by reprotonating the Schiff base from the extracellular 
medium and thus pumping a proton across the membrane. This idea of two photons 
driving the photocycle from oall-trans !:+ Nl3- cis ~ Ml3- cis !:+ Mall-trans ~ oall-trans 
while pumping a proton has been shown for BR D85N [Tittor, 1994]. Our hypothesis 
is that the equilibrium between N 13-cis and M 13-cis is regulated by the electric field 
of the membrane potential acting on the protonated Schiff Base. As the membrane 
potential becomes more negative (electric field pointing towards the cytoplasm) the 
positive proton on the Schiff base is shifted into the cytoplasmic channel along the 
electric field , deprotonating the Schiff base, pushing the protein into the M 13-cis in-
termediate. When the membrane potential is dissipated by CCCP there is no longer 
an electric field pushing the proton into the cytoplasmic channel, thus favoring the 
N 13- cis intermediate. Supportive theoretical calculations on BR have shown that the 
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influence of the membrane potential on the protonation state of the Schiff base is 
dependent on the accessibility of the proton, ie whether the Schiff base is accessible 
to the cytoplasmic or extra cellular side [Bombarda, 2006]. The study shows that 
protonation of the Schiff base against the membrane potential is diminished, while 
the protonation of the Schiff base along the membrane potential is enhanced (Bom-
barda, 2006]. Thus the equilibrium between N 13-cis and M 13-cis, both of which have 
a cytoplasmically accessible Schiff base, and whose only difference is the protonation 
state of the Schiff base (the proton being donated from D96 through a network of 
water molecules, [Bousche, 1991]) , is regulated by the membrane potential. In AR3, 
FTIR studies show that the proton donor for the Schiff base is the analogous D106 
amino acid that deprotonates during the formation of the N intermediate, although 
results indicate that, unlike BR, other residues are also involved in the reprotona-
tion of the Schiff Base. It is likely that other voltage dependent equilibriums exist 
when there is movement of a proton to or from the Schiff base. For example, the 
equilibrium between o all -trans and Mall-trans is regulated by the deprotonation of the 
Schiff base t hrough the extracellular channel, favoring Mall-trans at normal pH. This 
model explains the voltage dependent fluorescence of AR3 D95N. Previous studies 
have shown that when BR in theN-intermediate absorbs a green photon (514.5nm 
excitation) a fluorescent "Q" intermediate is formed [Ohtani, 1995]. An increase 
in pH favors N formation , thus increasing the formation of Q as a result [Ohtani, 
1995]. The Q intermediate fluoresces in the region of 720nm and dominates over the 
natural fluorescence of BR by two orders of magnitude [Ohtani, 1995]. Thus, the cre-
ation of the fluorescent Q state in AR3 D95N involves a total of 3 photons, the first 
is absorbed by oall-trans pushing the system to N 13- cis, the second is absorbed by 
N 13-cis and the third excites the protein into the Q intermediate which then releases 
a fluorescent photon. Future projects to fully understand this phenomenon will re-
quire fluorescence and UV-Vis measurements of AR3 D95N as a function of voltage 
or membrane potential. Voltage modulated fluorescence has been previously seen 
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in other microbial rhodopsins including GPR, AR3 and BR ( [Kralj, 2011], [Kralj, 
2012], [Manor, 1988]) . This effect is a modulation of the M 13-cis and N 13-cis inter-
mediates, although it is unknown what this does for the photoactive properties of 
the proteins. If our new understanding of the basic mechanism of voltage modulated 
fluorescence for the microbial rhodopsins, especially AR3 D95N, is correct it will 
allow scientists to bioengineer improved rhodopsins for optogenetic purposes. Such 
modifications could include the mutation of D106 (the Schiff base proton donor) to 
alter the voltage sensitive M 13-cis and N 13-cis equilibrium. 
Chapter 6 
Initial RRS and FTIR 
measurements on 
channelr hodopsins 
6.1 Introduction 
Channelrhodopsins (ChRs) act as fast ion-channel light activated sensors for their 
host organisms, algae, and have been used as a tool in optogenetics to depolarize neu-
ral membrane potentials [Lin, 2011]. As with other optogenetic proteins, the ability 
to bioengineer ChRs with specific qualities , such as light sensitivity, absorption wave-
length (>-max) , ability to insert into the neural membrane, ion conductance, photocy-
cle kinetics and selectivity are important to improving the optogenetic toolkit [Lin, 
2011]. ChRs, like all other known rhodopsins, are composed of seven transmem-
brane alpha helices surrounding a light activated retinylidene chromophore that is 
covalently bound to the protein through the Schiff base. However, unlike other 
rhodopsins that trigger downstream signaling through GCPR cascades, ChR ion-
gating is independent of a secondary cytoplasmic transmitter, and is thus itself the 
ion channel [Nagel, 2003] . ChRs are cation channels that allow the flow of Ca2+ into 
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the cell under physiological conditions, depolarizing the membrane potential [Nagel, 
2003]. It has been shown that other small cations such as K+ and H+ can also create 
a light induced current across the membrane in situations of low pH or high extra-
cellular potassium concentration (for H+ [Ehlenbeck, 2002] and K+ [Holland, 1996] 
transport respectively) ChRs have proven useful in the ontogenetic community due 
to their ability to directly control the opening and closing of an ion channel solely 
with light, and thus are capable of depolarizing neronal membrane potentials [Boy-
den, 2005]. Understanding more about the mechanism of ion transport in ChRs will 
allow us to bioengineer ChRs more suitable to optogenetics. For example, currently 
the low conductance of the channel results in close to 500,000 functional ChR proteins 
to be imbedded in the neural membrane to reduce the membrane potential by 15m V, 
enough to ultimately lead to the depolarization of the cell. However, with a higher 
channel conductance the temporal and spatial accuracy of altering the membrane 
potentials would be increased [Lin, 2011]. Additionally, altering the photocycle ki-
netics will change the rate of opening and closing, and thus allowing higher temporal 
resolution in membrane depolarization [Lin, 2011]. Channelrhodopsin 1 (ChRl) ab-
sorbs at wavelengths to the red of the traditionally used Channelrhodopsin 2 (ChR2) 
(.Amax of 589nm versus 495nm respectively, [Zhang, 2008]). This shift in absorption 
allows probing further into brain matter as red-light has a longer scattering distance 
in opaque brain matter [Zhang, 2008]. In addition, studies have shown that ChRl 
selectively transports H+ ions across the membrane, making the management of the 
electrical and proton gradient across the neural membrane possible [Nagel, 2002]. 
A wide variety of ChRs exist with different properties. [Hou, 2011] found that dif-
ferences even arose within the same genus Chlamydomonas, and have thus began 
distinguishing various ChRs with the genus and species of their native host as pre-
ceding initials. The ChRl used in this study is from Chlamydomonas augustae and 
is thus denoted CaChRl. CaChRl has a biphasic rise time with a lms rapid rise 
phase followed by a slower rising time of 20ms followed by a very slow inactivation 
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time, thus the pore is open on the order of 500ms after triggered by light [Hou, 
2011]. CaChR1 has also been shown to be highly selective for protons with a Amax 
of 520nm [Hou, 2011]. 
6.1.1 Ion gating mechanism in Channelrhodopsins based on 
recent X-ray crystallographic structure 
In ChRs, like other microbial rhodopsins, all-trans retinal is covalently bound to the 
protein through the Schiff base linkage at Lys 296. Similar to BR, the retinal is 
constrained by aromatic residues (Trp 163, Phe 217, Trp 262, Phe 265 and Phr 269) 
that create a hydrophobic pocket in the transmembrane region of the protein [Kato, 
2012]. However, differences arise between ChRs and BR when the arrangement of wa-
ter molecules in the internal binding pocket is investigated through crystallographic 
studies; for example, instead of a proton going to a water molecule prior to going to 
Asp85 in BR (the proton acceptor), in ChRs the proton transfer is direct to a nearby 
amino acid instead of through a water molecule first, it is likely that this residue is 
Asp 292 [Kato, 2012]. How do ChRs conduct ions across the membrane? This is a 
topic of interest to the optogenetic community. Crystallographic structures show the 
presence of an electronegative pore open to the extracellular side formed by four he-
lices (TM1, 2, 3 and 7) with many negatively charged residues along the inside of the 
pore on TM2 [Kato, 2012]. This pore has a strongly hydrophobic and electronegative 
middle formed by more than ten residues. The alteration of these residues alter the 
photocurrents produced, with one in specific, Glu136, showing itself to being essen-
tial to a photo current, and this important for cation conduction [Sugiyama, 2009]. 
The pore is closed to the cytoplasmic side through highly three conserved residues 
among ChRs which constrict the pore and ultimately fixes two amino acids, Asn297 
and Glu129 into position via hydrogen bonds. Glu129 is fixed into a position that 
obtrudes into the pore opening [Kato, 2012]. Mutations of these residues have been 
shown to alter cation selectivity and photocurrent kinetics ( [Plazzo, 2011], [Kato, 
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2012]). A second constriction to the pore on the cytoplasmic side occurs by the 
protrusion of Tyr 109, an amino acid on the TM1 loop. FTIR studies on ChR2 
have shown large structural movements in the a-helical backbone during the early 
photocycle, unlike all other known retinal proteins [Radu, 2009]. This backbone 
movement could move Tyr 109 out of the conduction pathway allowing the cation 
to exit the pore into the cytoplasm. The goal of this chapter is to investigate the 
retinal chromophore conformation and photocycle kinetics of ChR1. 
6.2 Materials and Methods 
6.2.1 Protein expression and purification 
The gene for CaChR1 was a generous gift of John Spudich. The method for expres-
sion, purification and reconstitution of CaChR1 is similar to that of AR3 in E. coli 
polar lipids was described in the Materials and Methods section of Chapter 3. 
6.2.2 Resonance Raman spectroscopy 
For experiments presented in this chapter approximately 20p,g of ChR1 reconsti-
tuted in E. coli polar lipids was pelleted in wash buffer (5mM NaH2P04 , 10mM 
NaCl, lOmM Mes/This) adjusted to pH 7. The protein was pelleted for 5 minutes at 
15,000 rpm (D2012, Sci Logex, Berlin CT) . The pellet was then inserted into a quartz 
square capillary via small volume 20p,L pipette (0.5mm ID, Wale Apparatus, Heller-
town PA). To prevent evaporation the quartz capillary was cut approximately 1-2cm 
from the sample on each side and sealed with Critoseal (Leica Microsystems, Buffalo 
Grove IL) . The water content of the pellet was high enough to fully hydrate the 
membranes during the course of measurements. Raman spectra were obtained using 
a Bruker Senterra confocal microscope. Raman spectra were acquired at 785nm laser 
excitation with a 50x objective and 3-5cm-1 resolution. A laser power of lOOmW 
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( 40m W at the sample) is used to probe the vibrational states of the retinal chro-
mophore. Investigation of the RRS spectra shows that this illumination was sufficient 
to light adapt the ChR1 samples. Raman scattered light is collected through the 50x 
objective and dispersed onto a CCD (iDus, Andor, South Windsor CT). To improve 
the signal to noise ratio spectra were integrated over a 150 second period followed by 
60 seconds in the dark for 4-6 hours. To remove the fluorescent background produced 
by the quartz capillary a spectrum of an empty quartz capillary was subtracted from 
the sample spectra. 
6.3 Results and Discussion 
As previously mentioned in Chapters 4 and 5, resonance Raman spectroscopy pro-
vides a means of probing the retinal conformation and local environment selectively, 
yielding minimal contributions from other cellular matter. The 785nm excitation 
wavelength is far enough off of the maximum absorption of ChR2 at 4 70nm and 
CaChR1 at 530nm to keep the protein in the ground state during experiments. 
6.3.1 The retinal conformation of ChRl and ChR2 revealed 
by near-IR RRS 
ChR2 
Figure 6.1 shows the resonance Raman spectra of ChR2 pelleted in H2 0 (top) and 
2H20 (bottom). These spectra can be investigated and compared to the RRS of BR 
due to the extent that BR has been previously studied. The largest band found in 
the RRS spectrum of ChR2 is found at 1554cm-1 and is due to the C = C symmetric 
stretch ethlynic vibration. This large shift in ethlynic frequency from BR and other 
microbial rhodopsins ( 28cm- 1 ) correlates well to an expected shift in the maximum 
absorption from 570nm in BR to 470nm in ChR2 [Aton, 1977]. A smaller band at 
1659cm-1 can be assigned to the protonated Schiff base and confirmed by H20 j2H20 
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Figure 6.1: ChR2 reconstituted in E. Coli polar lipids at pH 7 taken at 3-5cm-1 
resolution and 100 mW power. ChR2 is pelleted in H20 (top) and 2H20 (bottom). 
exchange [Althaus, 1995]. Upon H20 / 2 H20 exchange the C=N stretching mode 
downshifts by 29cm-1 , a significantly larger shift than what is seen in BR (17cm-1 
, see Chapter 4, Figure 4.1). The extend of the downshift of the Schiff base C = N 
reflects the strength of hydrogen bonding between the Schiff base and the proton 
( [Lewis, 1974], [Baasov, 1987]). Thus, the much larger shift of the protonated Schiff 
base in ChR2 signifies a proton that is much more strongly hydrogen bound than 
its BR counterpart . This significant change in the hydrogen bonding strength of the 
proton can be understood by investigating the crystal structure [Kato, 2012]. BR 
has three water molecules in the binding pocket that form a pentagonal network of 
hydrogen bonds between the protonated all- trans retinal and the proton acceptor, 
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Figure 6.2: ChR2 reconstituted in E. Coli polar lipids at pH 7 taken at 3-5cm-1 
resolution and 100 mW power. ChR2 is pelleted in H20 (top) and 2H20 (bottom). 
Asp85, stabilized by another acidic residue, Asp212 (see Fig 1.2). In ChR2, however, 
there is only a single water molecule present in the internal binding pocket (see Fig 
6.2). Furthermore, since ChR2 does not pump a proton, and instead opens a channel, 
the acidic residue in BR that acts as the proton acceptor is replaced with a neutral 
residue. The crystal structure has shown that W619 is towards the top of a negatively 
charged pore that is open to the extracellular side in the initial state [Kato, 2012]. 
It has been previously shown that such a large downshift is due to W619 acting as 
an H-bonding acceptor [Nack, 2009]. Since there is no network of hydrogen bonds, 
the hydrogen bond is much stronger to stabilize the conformational structure of 
the retinal. The hydrogen bonding strength of the proton to the retinal in ChR2 
is the largest currently known for the microbial rhodopsins (see Table 1 in [Nack, 
2009]) and it is believed that this hydrogen bonding strength plays a role in the 
spectral tuning and a reason why ChR2 absorbs so far to the blue ( 4 70nm ) . The 
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fingerprint region of Fig 6.1 shows the C-C stretching modes of the retinal polyene 
chain. Bands at 1203cm-1 and 1158cm-1 indicate an all-trans retinal configuration, 
while a band at 1185cm-1 indicates the presence of 13-cis retinal in a portion of the 
population [Braiman, 1980]. This aligns with the findings of [Nack, 2009] who showed 
through HPLC chromatographic separation and resonance Raman spectroscopy that 
ChR2 was composed primarily of all-trans retinal (65%) in the light adapted state, 
with secondary conformations of 13-cis retinal (30%) and 9-cis retinal (5%). 
CaChRl 
Figure 6.3 shows the resonance Raman spectra for CaChR1 in H20 (top) and 2H20 
(bottom). The largest band in this spectrum, at 1533cm-1 , with a shoulder at 
1547cm-1 is due to the C=C symmetric stretch ethlynic vibration. To check if 
this shoulder was due to a long lived photo-intermediate, as was seen previously in 
AR3 D95N, being populated by laser excitation a series of Raman spectra were taken 
at varying laser powers (Fig 6.4). Unlike in AR3 D95N or BR D85N (see Figs 5.3 
and 5.4 respectively), where the reduction in power led to a significantly decreased 
intensity of bands attributed to the long lived N intermediate, no such reduction in 
the 1547cm-1 shoulder occurs for CaChRl. In addition, vibrations in the fingerprint 
region do no significantly alter their ratiometric makeup, which was also seen in both 
AR3 D95N and BR D85N due to a change in the retinal conformation in the long lived 
N intermediate. This indicates that the 1547cm-1 band is due to a light adapted 
ground state vibration. Interestingly, in 2H2 0 not only does the main frequency 
of this band shift to 1538cm- 1 , but the shoulder at 1547cm- 1 disappears. It is 
possible that the H20 j2H20 exchange shifted the 1547cm-1 band into the larger 
band, ultimately shifting the overall frequency by 5cm-1 . In addition to the shoulder 
at 1547cm-1 there is also a small band at 1577cm- 1 , which shifts down to 1575cm-1 
in 2H20 . Previous studies on BR have shown an ethlynic band at 1581cm-1 . This 
band showed large isotopic shifts upon 13 C substitution at C13 and C14 [Smith, 
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1987]. Calculations showed that a combination between the C13 = C14 stretching anti-
symmetrically with C9 = C10 and C5 = C6 [Smith, 1987]. Further studies involving 
isotope labeled retinal are necessary to elucidate the origin of these bands. The 
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Figure 6.3: CaChR1 reconstituted in E. Coli polar lipids at pH 7 taken at 3-5cm-1 
resolution and 100 mW power. CaChR1 is pelleted in H20 (top) and 2H20 (bottom) . 
band present at 1646cm-1 in H20 shifts down to 1622cm-1 in 2H20 and arises from 
the C = N stretching mode of the protonated Schiff base. The downshift of 24cm - I 
is similar to the downshift seen in SRII and shows strong hydrogen bonding between 
the proton and the Schiff base. Bands in the fingerprint region are prominent at 
1207cm-1 , 1202cm-1 and 1163cm-1 indicating an all-trans retinal conformation 
in the light adapted state. A band at 1184cm-1 is much smaller in comparison to 
surrounding bands, indicating the presence of 13-cis retinal in the light adapted state 
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Figure 6.4: CaChR1 reconstituted in E. Coli polar lipids at pH 7 taken at 3-5cm-1 
resolution at 100 mW (top), 10 mW (middle) and 1 mW (bottom) laser head power 
settings. 
is very small. A band at 1007cm-1 which does not shift with H20 j2H20 exchange 
is attributed to symmetric in plane rocking of C19 and C20 [Smith, 1987]. 
6.4 Conclusions 
ChR2 has been a well-used photoactive protein for controlling neural activity in 
the optogenetic community [Diester, 2011]. Recent studies have shown that the 
variety of ChRs is immense and that photocycle kinetics, channel conductance and 
photo bleaching qualities differ even in the same genus [Hou, 2011]. Both ChR2 
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and CaChR1 open a cation channel across the membrane during its light activated 
photocycle. Figure 6.5 compares the resonance Raman spectra of ChR2 (top) and 
CaChR1 (bottom). The first noticeable difference is the ethlynic vibration, showing 
an 21cm-1 shift between ChR2 and CaChRl. According to [Aton, 1977] this should 
correlate to an approximate 63nm shift in the visible absorption, aligning well with 
ChR2 absorbing at 480nm and CaChR1 absorbing near 530nm . This large shift 
in visible absorption allows both ChR2 and CaChR1 to be independently activated 
by a specific spectrum of light. For optogenetics this allows researchers to control 
a set of specific cell types to be depolarized during an experiment. There is also 
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Figure 6.5: ChR2 (top) and CaChR1 (bottom) reconstituted in E. Coli polar lipids 
at pH 7 taken at 3-5cm- 1 resolution at 100 mW. 
a significant difference in the vibrations of the protonated Schiff bases, absorbing 
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at 1659cm-1 in ChR2 and 1646cm-1 in CaChRl. This band is a combination of 
the C = N stretching anti-symmetrically with N- H+ and C14- C15 [Smith, 1985b ]. 
The vibration of ChR2 at 1659cm-1 is unusually high for microbial rhodopsins and 
relates closer to vertebrate counterparts found at 1657cm-1 [Eyring, 1979], where 
CaChR1 falls in line more closely with other microbial rhodopsins. When BR was 
first studied the C=N was unusually low (1640cm-1 ) and found to be due to a 
reduction in the N- H and C15 - H rocking vibrations as well as an overall reduced 
bond order [Smith, 1985b]- this trend continued for microbial rhodopsins and applies 
to what we see in CaChR1 as well. It seems that ChR2 does not have such a reduction 
in the rocking vibrations or bond order. In addition, ChR2 experiences a 29cm-1 
downshift upon H20 j2H20 exchange as compared to 24cm-1 for CaChR1, showing 
that ChR2 has a significantly stronger hydrogen bonded proton on the Schiff base. 
The fingerprint region of Fig 6.5 shows that CaChR1 and ChR2 also have different 
retinal conformations in the light adapted state - all- trans for CaChR1 and a mixture 
of all-trans and 13-cis for ChR2. Thus, while both CaChR1 and ChR2 act as neural 
activators they have significantly different qualities that will allow them to serve 
differing roles in the optogenetic community. 
Chapter 7 
Conclusions 
I performed FTIR difference, resonance Raman and UV-Visible spectroscopy on 
a variety of photo-active rhodopsin proteins - by doing such I have been able to 
contribute to the fields of molecular biophysics and neural optogenetics by providing 
a better understanding of the properties of internal water molecules, the effects of 
lipid environment, the mechanism in which AR3 D95N fluoresces upon membrane 
depolarization and the chromophore structure of new ChRs. 
7.0.1 Squid Rhodopsin 
Little has been reported on the molecular mechanisms of squid rhodopsin, despite us-
ing Gq-coupled signaling pathway and sharing a common ancestor with melanopsin, 
recently discovered as a third light sensing protein in our eyes. I performed a se-
ries of experiments on squid rhodopsin including low and room temperature FTIR, 
resonance Raman and UV-Visible spectroscopy to investigate how squid rhodopsin 
photocycles. I found that between bathorhodopsin at 80K and metarhodopsin at 
room temperature steric hindrances with the retinal in the binding pocket, due to 
the protonation of the Schiff base. I also performed similar experiments on a closely 
related sepia rhodopsin, finding small differences in spectral tuning, but strong simi-
larities in the environment of the Schiff base hydrogen bonding and 11-cis ----* all-trans 
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retinal isomerization. 
7.0.2 Internal Water Molecules 
Internal water molecules have been shown to be an integral part to proper proton 
pumping in BRand other rhodopsins. Understanding how internal water molecules 
vary between similar proteins (BR and AR3 - 75% homologous), the role internal 
water molecules play throughout the photocycle and how the external environment 
changes the internal water structure is important to unraveling current mysteries such 
as how the light induced isomerization of retinal leads to conformational changes in 
the protein. 
We found that, surprisingly, water molecules in the internal binding pocket of 
SRII are altered when SRII binds with its cognate transducer Htrll, despite the 
binding site being more than 15A away, much larger than the 4A between the retinal 
and a cluster of water molecules. These differences persist through the photocycle 
at both 84K and 170K. We also found that the lipid environment, which mediates 
the interaction between SRII and SRII Htrll, alters the hydrogen bonding of internal 
waters, with the possibility of an extra water molecule undergoing changes during 
the photocycle being present when SRII and SRII Htrll are reconstituted in their 
native H. Salinarium lipids. 
We also did a comparison of changes in internal water molecules for AR3, a 
useful optogenetic protein, to the well-studied BR. We found that although the chro-
mophore isomerization of BR and AR3 is similar, there is a shift in the hydrogen 
bonding strength of internal waters that appear in the early photocycle. As AR3 
progresses in its photocycle, in the M and N intermediates, there are no internal 
water molecules undergoing changes in hydrogen bonding strength, in stark contrast 
to BR that shows at least two internal water molecules being perturbed in the late 
photo cycle. 
147 
7.0.3 Archaerhodopsin 3 Chromophore Structure 
Resonance Raman studies of AR3 showed significant similarities in the chromophore 
structure to BR as well as chromophore stability across a spectrum of pH values, 
including a similar acid-blue state at pH values under 2.5. In addition, we were 
able to show through H20 j2H2 0 exchange that the Schiff base hydrogen bonding 
environment of BR and AR3 are similar. We also found the presence of dark adapted 
AR3 in the Raman spectrum when reconstituted in H. Halorubium lipids, evidenced 
through a shoulder in the ethlynic region and a wide Schiff base vibration band -
showing that when reconstituted in its native lipid the Raman laser is not powerful 
enough to keep AR3 in a light adapted state. Similar findings of the effect of native 
lipids on the chromophore environment were confirmed in FTIR studies at both 230K 
and 250K. 
7.0.4 Archaerhodopsin 3 mutant D95N - Detecting mem-
brane potential 
We investigated the chromophore structure of AR3 D95N reconstituted in E. coli 
vesicles and in vivo over a wide range of pH values. Ar3 D95N is of particular 
interest to the optogenetic community because this mutant has been shown to be 
fluorescent when a neuron is depolarized. In addition, and perhaps more importantly, 
AR3 D95N is incapable of transporting a proton across the membrane, and thus is 
a non-invasive tool to fluorescently resolve individual action potentials. Through 
a large resonance Raman study we were able to find that an equilibrium between 
the N and M intermediates of AR3 is regulated by membrane potential. When 
the membrane is depolarized this equilibrium is shifted towards the N intermediate. 
It has been shown previously that the N intermediate of BR can accept a second 
photon, pushing it into a fluorescent 'Q' intermediate. Thus, in AR3 D95N, when 
the membrane depolarizes the protein goes mainly into the N intermediate, which 
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then goes into a fluorescent 'Q' intermediate upon absorption of a second photon. 
Revealing the mechanism responsible for this fluorescence will help the optogenetic 
community not only use AR3 D95N to its potential but also to engineer other proteins 
to perform a similar task at a shifted absorption. 
7.0.5 Channelrhodopsins 
ChR2 has been extensively used in the optogenetic community as a means of de-
polarizing neurons with light. We investigated a new Channelrhodopsin, CaChR1 
that shows a significantly red-shifted absorption spectrum. This shift would allow 
both ChR2 and CaChR1 to be triggered independently of each other in neurons. In 
addition, the Schiff base vibrations of ChR2 and CaChR1 are significantly altered, 
attributable to changes in C = N bond vibrations and bond order. In addition, the 
proton is more strongly hydrogen bonded to the Schiff base in ChR2 than it is in 
CaChRl, evidenced by a larger downshift upon H2 0 / 2H2 0 exchange. Furthermore, 
we show that the chromophore structre is altered between the two ChRs, with ChR2 
containing a mixture of all-trans and 13-cis while CaChR1 contains predominantly 
an all- trans chromophore. 
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